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FOREWORD 

Tliis is the Final Report on the design, development, and 
performance of the Advanced Application Flight Expei’iment 
(AAFE)/Rilse Compression Radar Altimeter Project which was 
performed by Hughes Aircraft Company under Contract No, NAS 
6-2558 for the National Aeronautics and Space Administration 
Wallops Flight Center, Wallops Island, Virginia. This new gen- 
eration experimental breadboard system was designed and develop- 
ed by Hughes Aircraft Company, in Fullerton, California; the 
program was managed by Mr. R. Sidlo and system design and test 
activities were directed by Mr. E, Kulikauskas and Mr. L. Delp, 
Mr. D. Effinger and Mr. T. McGrath were tlie principal engineers 
of the Transceiver and Analog/Digital subsystems; 

Mr. M. Dehghanmanesh developed the system software. 

Tlie system was flight tested in a C-54 aircraft at the 
Wallops Flight Center in Virginia where it was delivered to the 
contracting agency. 

Successful development of the AAFE Pulse Compression 
Radar Altimeter was due primarily to Mr. W. F. Tomisend, 
NASA/Wallops Program Manager, who pro\dded considerable tech- 
nical direction, made available the helpful teclmical expertise of 
Dr. R. Dooley of Teclmology Service Corporation, and sought out 
the supplemental fmiding necessary for program completion. 
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Section A - Summai-y 


1, TECHNICAL OBJECTIVES AND ACHIEVEMENTS 


Hughes Aircraft Company has successfully completed tlie breadboard de- 
velopment of tlie next generation spacecraft radar altimeter employing high reso- 
lution stretch processing and extensive computer control for NASA/AAFE (Ad- 
vanced Application Flight Experiment). The experimental breadboard system, 
presented in the facing figure, was delivered to NASA Wallops Flight Center in 
Virginia and flight tested in a C-54 aircraft. Objectives and achieved perform- 
ance of this novel system are summarized in the table (page A-2). 

The experimental system was designed to operate from an aircraft plat- 
form at 10 left over the ocean. With sea conditions ranging from 1 to 10 meters 
in significant wave height, the system provides three basic measurements: alti- 
tude above the sea, sea wave height, and sea reflectivity of radar signals. 

Achievement of altitude measurement with a resolution of 10 cm or less, 
at a data rate of one measurement per second, was tlie dominant objective. The 
absolute altitude measurement accuracy after system calibration was to be ±25 
cm or better, A drift of less than 50 cm/hr in the altitude measurement, as a 
result of component or signal drift, was also required. In order to provide for 
quick recovery after passing over land tlie system was required to have an acqui- 
sition time of less than 5 seconds; i. e. , quality data was to be provided within 
5 seconds of initiation of the sea surface search. Satisfaction of all of the alti- 
tude measurement related x'equirements was demonstrated in-plant and during 
the flight program. As indicated in the table, a number of these requirements 
were substantially exceeded and the achieved perfoi'mance represents an order 
of magnitude improvement with respect to the Skylab and GEOS-C predecessors. 
The 2. 1 cm altitude resolution demonstrated during die Acceptance Flight Test 
and obtained on several other flights during low sea state conditions is consid- 
ered to be an outstanding achievement. The precise absolute measurement ca- 
pability (± 1, 4 cm) is a result of the novel calibration mode implemented in the 
system. 

A wave height measurement accuracy of 10% was demonstrated during the 
Flight Test program using a laser profilorneter as gromid truth; the required ac- 
curacy was 25%. The inlierent system capability may even be bettei’ since the 
10% result was obtained with accurate but simple algorithms wliich employ only 
some of the available signal data. 

Sea reflectivity measurement accuracy was estimated in-plant by evalua- 
tion of the individual errors which affect tlie estimate. Determination of the ac- 
curacy by flight tests was not possible because of a lack of accurate ground truth. 
The in-plant evaluation indicated tliat die accuracy is 2, 1 dB and is somewhat 
poorer than the required 1. 5 dB. The achievable S/N ratio for the specified 6 dB 
sea reflectivity was determined to be substantially less than the required 20 dB. 
Provisions for a back-up liigher gain TWT were made, however, because of the 
greatei' than expected sea reflectivity, the system operated successfully as 
designed. 

The experimental nature of the system called for implementation of vari- 
able parameters as well as state-of-the-ai’t performance. To satisfy this re- 
quirement, selectable pulse width, PRF, Early and Late gate widtlis, tracker 
bandwidth and track point, and a comprehensive digital recording capability are 
implemented in tlie radar system. 
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PARAMETER 

ALTI TUDE RESOLUTI ON 
ABSOLUTE ALTI TUDE 
WAVE HEIGHT 
ACQUISITION TIME 
DRIFT RATE 
CTq ACCURACY 
S/N (CT = 6 dB) 


OBJECTIVE 
+10 CM RMS 
+ 25 CM 
+2 5 ^ 

<5 SECONDS 
<50 CM/HR 
+1.5 dB 
20 dB 


ACH I EVED 
+2.1 CM RMS 
+1.4 CM 
± 10 ^ 

<4.5 SECONDS 
<10 CM/HR 
+2,1 dB 
11.8 dB 
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2. SUMMARY OF THE PROGRAM 


Tlie AAFE Raclar Altimeter program consisted of a 17-month development 
and test effort which was followed by a training course and delivery of an 
operation/maintenance manual and oral and written final reports. The program 
performance is indicated in tlie schedule (p. A-6). Subsystem development and 
integration involved an 11— month effoi’t. During this period, the equipments were 
designed, parts were procured, hardware was fabricated, and the system soft- 
ware was developed; a substantial amomit of system integration was also accom- 
plished. Although the Radar Altimeter is a relatively small system, its com- 
plexity is not unlilce that of a large computer-controlled radar. The high 
bandwidth (3G0 MHz) and precision timing (0. 62 ns LSB) impose additional fabri- 
cation and test constraints which are not common in other systems. As a result, 
timing, radar /computer interface, and recording problems were encountered; 
although these and otlier problems were overcome, delivery schedule was 
affected, 

A comprehensive battery of 32 In-Plant Performance Tests (IPPT) were 
conducted in order to verify compliance -vvitli die system specification. These 
included vibration and altitude/tempei’ature testing of die Transceiver and 
Analog/Digital subsystems as well as specially designed end-to-end electrical 
performance tests. All key performance requirements were satisfied, and the 
system was shipped to the NASA Wallops Flight Center in Virginia for Flight 
Acceptance testing on a C-54 aircraft. The flight test program was essentially 
dedicated to verification of system operation in an aircraft environment and 
evaluation of the system altitude resolution, acquisition time, and wave height 
measurement accuracy. The flight test program and the subsequent testing 
proved the system to be an unqualified success both from a performance stand- 
point as well as operability. During the flight test program, the system demon- 
strated an exceptional altitude resolution capability. When operating during low 
sea state conditions, die system altitude measurement resolution was determined 
to be 2. 12 cm. Failure-free operation has been achieved for the last 6 months. 

The teclinical success of the AAFE Radar Altimeter program is to a great 
extent due to the teclmology and the imiovative engineering of the Hughes Aircraft 
Company. The system design was based on the proposed design (Ref. 1) and the 
analysis and recommendations provided in the Teclmology Service Corporation 
(TSC) study report (Ref. 2) . Key teclinical decisions made during the develop- 
ment of die altimeter a.re summarized in the table (p. A-7). Participation in 
these decisions and helpful technical guidance provided by NASA/Wallops Flight 
Center and their TSC consultants diroughout the program were deciding factors 
in the resulting significant advances made in radar altimetry by this challenging 
program. 

The stretch processing approach using a RAC implementation was se- 
lected early in die program as a result of the available teclmology at Hughes Air- 
craft Company and die TSC recommendations. The subnanosecond timing re- 
quired by the system was implemented by splitting a high-frequency clock signal; 
tills approach was selected on die basis of its success on odier systems. Con- 
tinuous monitoring of noise, calibration and bias levels without interruption of 
basic system operation was made possible by computer-controlled interleaidng 
of these submodes with die radiate submode; availability of radar data by virtue 
of the extensive radar /computer data interface allowed incorporation of some 
novel computer processing to acliieve high precision time delay calibration and 
correction for radar filter gain and bias unbalances. 
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The requirement to provide precision tracking from the C-54 aircraft 
platform imposed unusual design constraints which were more severe than those 
of satellite altimeters where tlie platform is relatively stable. A second-order 
tracker aided by a vertical accelerometer v/as incorporated in the design in order 
to overcome the vertical dynamics of the aircraft. Because of the fleKibility of 
computer processing, the altimeter tracker was implemented entirely in the soft- 
ware. This enabled relatively easy incorporation of the vertical accelerometer 
inputs and a design wliich was adaptive with changes in sea wave height; also the 
position and velocity (<x, ^ ) coefficients were readily changeable for experimenta- 
tion purposes. It should be noted that the software tracker design and its simula- 
tion were accomplished primarily on Hughes Aircraft Company's m&D funds. 
Performance assessment in real time motivated implementation of real time com- 
putation and readout of altitude, sea reflectivity and wave height. Because of the 
experimental nature of the system, the mini-computer implementation was de- 
termined to be advantageous both from system operation and data reduction 
aspects; an extensive digital recording capability (approximately 300 distinct 
parameters) was implemented and stand-alone data reduction software developed 
for tlie system. 


Reference 1. Proposal for a Breadboard Model of a High Resolution Pulse 
Compression Radar Altimeter, Hughes Aircraft Company/ Ground Systems Group, 
Fullerton, California, Report No. FP 74-14-10, January 18, 1974. 

Reference 2. Dooley, R. P. , et al. Study of Radar Pulse Compression for 
High Resolution Satellite Altimetry. NASA Report Noo CR-137474, December, 
1974; TSC Report No. WO-111. 
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SYSTEM REQUIREMENT 

SYSTEM APPROACH 

PULSE COMPRESSION 

• FULL STRETCH PROCESSOR 

• REFLECTIVE ARRAY COMPRESSOR (RAC) 

GHz TIMING RESOLUTION 

1 9 108 MHz CLOCK 
: 6 15:1 DIGITAL CLOCK SPLITTING 

NOISE ESTIMATiON/CALIBRATION/BiAS 

• INTERLEAVED NOiSE/CAL MODES 

• FILTER SPLITTING FOR CAL 

• FILTER AVERAGING TO REMOVE BIAS AND GAIN 
UNBALANCES 

PRECISION TRACKING FROM UNSTABLE 
PLATFORM 

9 a , TRACKER 

• ADAPTIVE IN WAVE HEIGHT 

• ACCELEROMETER AIDED 

• MANUALLY ADAPTIVE IN EARLY AND LATE GATE 
WIDTHS 

ALTITUDE, CT^, WAVE HEIGHT MEASUREMENTS 

c REALTIME COMPUTATION AND READOUT 

SIGNAL PROCESSING IN UNKNOWN ENVIRONMENT 

• MINICOMPUTER 

• ALL SOFTWARE PROCESSOR FOR FLEXIBILITY 

• STAND ALONE DATA REDUCTION 
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Section A — Summary 

3. OVERVIEW OF THE ALTIMETER 


The Radar Altimeter system consists of the three subsystems and the 
microwave equipments indicated in the figures (A-9, A-IO). The mini-computer 
controlled Ku-band radar is designed to provide very high precision altitude data, 
sea v/ave height, and sea reflectimty measurements under 1-10 m sea wave height 
conditions. Unlike its Skylab and GEOS-C spacecraft predecessors, this new 
generation system is dedicated to experimentation and as a tool to aid in the 
definition and evaluation of future satellite radar altimeter designs. For this 
purpose it is installed in an aircraft and incorporates six basic variables: PRF, 
pulse widdi, Early and Late gate widths, tracker bandmdtli and track point. 

The system consists of an exciter winch generates 360 MHz frequency- 
coded transmitter drive and reference signals using a reflective array expansion 
(RAC) line, a low-power TWT transmitter with a net peak output of 0. 5 watts, 
and a 15° bea.mwidtii horn antenna. The triple conversion receiver employs 
stretch processing and contains analog filter /detector /integrator chains for the 
early and late gate signal generation reepired by the tracker, and 24 analog ramp 
fiLters/detectors for analysis of the leading edge of the sea return signal. Sig- 
nals are A/D converted by the digital miit wliich also provides timing, displays, 
and system controls, and interfaces witli the computer subsystem; the computer 
subsystem includes a niini- computer with 16K of core, a digital tape recorder 
and a teletype. System operation is imder computer control once a configuration 
has been selected at the contx’ol panel. 

The pulse radar altimeter includes the following unique features: 

1. Stretch signal processing using a reflective array expansion line 

. which provides 360 MHz of signal bandwidth and 3 ps to 3 ns pulse 
compression (1000:1). 

2. Range command LSB of 0. 62 ns (9. 3 cm) which is obtained by means 
of 15:1 subdivision of a 108 MHz clock signal. 

3 . Extensive computer control including acquisition and tracldng of the 
sea surface, AGG control, submode control, filter gain alignment, 
reflectivity and wave height estimation, delay calibration, noise 
estimation, and data coUection/recording on digital magnetic tape 
recorder — die system records approximately 300 distinct data items. 

4. Second-order split gate tracker using early and late gates aided by 
accelerometer inputs to overcome aircraft platform altitude 
variations. 

5. Triple conversion I'eceiver witli 24 analog filters each 1/3 MHz , 
bandwidth (2. 8 ns or 42 cm) which enable collection of signal returns 
from the leading edge of 1 to 10m waves. 

6. Four interleaved submodes: Radiate, Noise Estimation, Bias 
(signal amplitude) and Calibration (signal delay). 

7. Calibration submode internal test target filter (gate) output splitting 
to determine system drifts to an order of one cm. 

8. Stand-alone data reduction capability. 

During the flight test program the system demonstrated an altitude reso- 
lution capability of 2. 12 cm, an acquisition time of less tlian 4. 5 seconds, and 
sea wave height estimation accuracy of ±10%. 
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r. SYSTEM FLEXIBILITY THROUGH DESIGN 


The radar altimeter design includes substantial flexibility in system con- 
trol by virtue of tlie radar control panel and the software design. The system can 
be operated in the Normal radiate mode or a Test mode with an internal test tar- 
get generated and used to exercise the tracker and the system. The design also 
provides for system operation under Computer control, or Panel control wliich 
can be used in trouble shooting. The Panel control configuration allows the oper- 
ator to select parameters and set AGC and test target, noise, or radiate submode 
switches. When operating under Panel control the computer continues to inter- 
face with the system (unless inhibited) and to process the data as well as output 
data for recording. A recording control is on the system panel which enables 
outputting computer processed information on magnetic tape. 

Besides these basic control switches the system control panel shown in 
the facing figure includes six primary parameters each of which has several 
selectable states. These parameters include the pulse width, PRF, Early gate 
width, Late gate width, tracker bandwidth and track point. An oscilloscope dis- 
play and an light emitting diode array display (LEA), both of which are supplied 
data by the computer subsystem, are designed to display essential information 
during system operation. The four digit LEA can output wave height, reflectiv- 
ity, altitude, in centimeters or meters, AGC and tracker error. The oscillo- 
scope display outputs consist of average Ramp filter and Early, Late and Plateau 
gate outputs of noise or sea return data depending on operator selection. 

The panel also includes indicators for equipment power, track status, 
and radar/computer data transfer error. 

'iVlien operating under Panel control, additional switches are available 
(not shown) wliich allow setting of the AGC, the radar submodes (calibration, 
noise, or radiate) and cycle the command range; a switch is also available for 
inhibiting the radar computer interface in the event that stand alone radar 
trouble shooting is desired. 

In addition to the controls and selections available at the control panel, 
a number of parameters can be changed readily within the software. The flexi- 
bility available directly and that available through moderate logic modifications 
in the software is summarized in the table (p. A- 14). In most cases, the flexi- 
bility can be obtained by changing one or a few parameters or constants within 
the software. This flexibility was utilized during the development of the system 
as well as during optimization of parameters throughout the flight test program. 
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AVAILABLE DIRECTLY 

• SYSTEM OPERATION 

SIGNAL DYNAMIC RANGE LOCATION VIA AGC THRESHOLD 

NOISE, BIAS, CALIBRATION SUBMODE EXECUTION RATE AND DURATION 

AGC BANDWIDTH 

• ACQUISITION 

EARLY AMD LATE GATE THRESHOLDS 
SEARCH STEP SIZE 

• TRACK 

TRACKER a , y8 PARAMETERS 

BANDWIDTH 

TRACK POINT 

• WAVE HEIGHT, DROOP, REFLECTIVITY 

WAVE HEIGHT AVERAGING INTERVAL 
WAVE HEIGHT AND DROOP ESTIMATION 
REFLECTIVITY SCALE FACTOR 

AVAILABLE VIA LOGIC MODIFICATION 


• ACQUISITION, TRACK, WAVE HEIGHT ALGORITHMS 
» DATA DISPLAYED ON OSCILLOSCOPE AND LEA 
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5. REVIEW OF THE IN-PLANT PERFORMANCE TEST 


The In-Plant Performance test consisted of a comprehensive set of 32 
tests which responded to each item of tlie system specification. These tests were 
designed to demonstrate the satisfaction of routine as well as significant perform- 
ance requirements. 

The altitude resolution test which was conducted witli a specially built 
14 us delay line and the internal test target demonstrated that the system is ca- 
pable of 2 centimeters resolution. The altitude calibration accuracy of the sys- 
tem was sho%vn to be on the order of one centimeter. The drift rate was demon- 
strated to be less than 10 centimeters per hour which is substantially less than 
the 50 centimeters per hour requii’ed. Tlie pulse compression ratio was demon- 
strated to be 1100:1. The range LSB was shown to be 0. 62 nanoseconds by test, 
which again is substantially less than die one nanosecond required. In addition, 
an extensive environmental test was performed where the ADS and Transceiver 
equipments were subjected to vibration and altitude/temperature extremes. Tliis 
verified that the equipment was indeed operable in the aircraft environment. The 
acquisition and altitude resolution tests demonstrated end-to-end electrical oper- 
ability and provided confidence that the system would operate properly from the 
electrical standpoint. 

These tests also indicated that corrective action was necessary in some 
areas. After correction of discx’epancies by Hughes, the equipment was accepted 
with 4 failures. These 4 failures included ocean backs catter coefficient accuracy, 
signal-to-noise ratio, overload protection and weight. The ocean backscatter 
coefficient measurement accuracy was determined to be ±2. 1 dB whereas the 
required accuracy was ±1. 5 dB; this inability to provide the required accuracy 
was due to the approach tal^en in maldng the backscatter measurements and in- 
volved the calibration of large losses. The signal-to-noise ratio achieved was 
on the order of 12 dB whereas that required for a reflectivily of 6 dB was 20 dB; 
during the flight test program it was found that the sea reflectivity is greater 
than ejcpected and that the system can be successfully operated as designed. 

This discrepancy was due primarily to excessive losses encountered in switches. 
Absence of an overload protection network on the 2 volt power supply caused a 
failure with respect to this requirement. Four of the units exceeded the 50 
pound weight requirement and consequently failed the weight test; with the ex- 
ception of the magnetic tape unit, all units are under 73 pounds and are portable. 
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6. SUMMARY OF SYSTEM INSTALLATION AND INSTALLATION TESTING 


Installation of the altimeter commenced on 13 October 1975 aboard the 
NASA C-54 instrumentation aircraft N427NA. All altimeter equipment except 
the antennas accelerometer and teletype were installed in equipment racks 8 and 
9 as shown in the figures (p. A-21, A-22). Installation problems were all minor 
and of a mechanical nature, such as slide interference and waveguide orientation. 

Tlie antenna was mounted in tlie instrumentation port below and slightly 
aft of rack 9. The antenna movint was designed and fabricated on site by NASA, 
The accelerometer was located on the antenna mount, however it can be easily 
relocated if an optimum position is found. 

The teletype was located on a sliding mount at the aft side of rack 9. The 
teletype mount was designed by Hughes and fabricated and installed by NASA, 

This system installation has proven to be convenient for operation and 
maintenance. Access to the Transceiver subsystem has been improved by the 
addition of waveguide quick disconnects and sections of flexible waveguide be- 
tween the duplexer and receiver and between the duplexer and semi-rigid wave- 
guide to the antenna. This installation also allows easy removal of the Computer 
subsystem for stand-alone data reduction on the ground when the aircraft is 
unavailable. 

The installation and checkout tests summarized on p. A-23 were success- 
fully completed on an informal basis as operation verification checks. The EMI 
test was the only new test and was formally conducted by Hughes and monitored 
by NASA. The test was successful and no interference to the altimeter or by the 
altimeter was encountered. 
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AIRCRAFT 



INSTRUMENTATION PORT 



TOP VIEW OF ANTENNA 



ANTENNA AND ACCELEROMETER 




TELETYPE MOUNT 



INSTALLATION AND CHECKOUT TESTS 


INVENTORY 
INSPECTION 
TURN ON/SETUP 
TEST POINTS 
COMPRESSION RATIO 
TX PWR 

OPERATING FREQUENCY 
RANGE LSB - CHECK ONLY 
TX PWR ACCURACY 
WAVEHEIGHT 
ALTITUDE RESOLUTION 
CONTROLS AND HOUSEKEEPING 
E.M.i. 


TEST NO. 
0 

1.4 

2 

3 

13 

15 

16 
23 
25 
11 

6 

18 
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7. RESULTS OF THE FLIGHT TEST PROGRAM 


Fliglit testing in a C~54 aircraft followed tlie installation of e< 4 Uipment. 

The Flight Test program consisted of five flights and was Mglily successful; 
acquisition time, altikxde resolution and wave height accuracy tests demonstrated 
that the system performance exceeds requirements. The flight test program is 
summarized in the table (p, A-28). 

Flight #1 included electrical and mechanical checkout and some parameter 
variation tests. Tliis flight demonstrated that die system operates in die aircraft 
environment and has a basically good altitude resolution capability. _ Subsequent 
flights were essentially dedicated to acquisition and wave height estimation im- 
provement. Tlie flight demonstrated diat accelerometer inputs are necessary in 
oi’der lo provide good traclcing data; it was also apparent that higher acquisition 
diresholds should be used since premature acquisition resitlted in sibstantial 
oscillation during the early segment of the track. During intentional platform 
oscillatory motion of ±100 feet, die system demonstrated that it could continue to 
track Post-flight data reduction revealed tiiat die Plateau gate gain had been 
erratic and had caused erratic AGO behavior; AGC is derived on the basis of the 
Plateau gate signal by die software. Also, minor software corrections were 

necessary. , i 

Flight #2 objectives were to confirm the tracker altitude estimates by com- 
parison with the FPQ-6 precision radar track of the platform and to conduct fur- 
dier parameter variation tests. The difference between the FPQ-6 and altimeter 
was found to be primarily a constant; good consistency in estimated platform 
vertical motion was obtained. Higher acquisition thresholds were selected on 
the basis of this flight and further effort in wave height estimation was iiuhcated 
by the results. Tlie initial design was based on providing wave height estimates 
at a rate equal to the reciprocal of the tracker bandividth. Tliis was considered 
unnecessax^y, and lower I'ates allowing greater avei^aging of signals wei^e iinple- 
mented for succeeding flights. Some modification of die adaptive track concept, 
wliich depends on wave height estimates, was required as a result of the longer 
averaging timp allowed for wave height estimation. This eventually led to seg- 
menting of die 1-10 meter wave height region into five overlapping intervals and 
definition of representative wave height values to be used by the tracker initially 
until an estimate is provided by die Wave Height Estimation module. Consideia- 
tlon was also given to ubtaining more solid noise averages which are used in de- 
terniinii^ the filter gain aligmnent factors and have a bearing on die wave height 
accuracy. The noise averages were finally based on 4096 pulses. ^ A receiver 
warm-up problem was noted during this flight. That is, the Receiver luiit ap- 
peared to require several hours of warm-up before filter outputs stabilized. 

This problem continued to persist during succeeding flights. It was finally cor- 
rected by temperature-controlled heaters in the Receiver; these heaters were 

supplied by Hughes and installed by NASA. 

r'light 7 t 3 was dedicated to wave height estimation. A laser profilometer 
was flovm during this flight and was used as the ground trudi. Modifications of 
the software had been made prior to the flight, and 10-second averaging of the 
Ramp filter data was performed for wave height estimation. This resulted in a 
significant x-eduction in tlie wave height estimate fluctuation and later proved to 
b6 ixi good agi’eomeiit with tliG px’ofiloin.Gtei data, TIig clifforGiice betweGii tlie 
radar altimeter estimates and those of the profilometer were on the order of 
10% wliich is substantially less than the required ±25?c. The sea state during 
this flight was on the order of 2 to 3 meters. 
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Flight tt 4 constituted die dry rim of the final acceptance test. Ramp fLl- 
ter averaging for 30 seconds was used for wave height determination during this 
test. Aldiough die flight was considerably rougher than the previous three 
flights, die performance of the system vms adequate to proceed with die final 
acceptance tests wMch were performed during die next flight. 

The acceptance test flight was intended to demonstrate acquisition, al- 
titude resolution, and wave height estimation. This was a smoodi fliglit and the 
system demonstrated exceptionally good performance. The system acquisition 
time was sho^vn to be 4. 5 seconds or less. The altitude resolution of the system 
was determined to be 2. 12 centimeters and the wave height estimation accuracy 
widiinthe required ±25 percent. Results are summarized onp. A-29, For de- 
tailed descriptions of the results, refer to Appendix A, 

Fliglit test data reduction was performed primarily by the use of the Radar 
Altimeter Computer subsystem and tlie data reduction programs developed for hie 
system. When the aircraft was not available, the Computer subsystem was re- 
moved from hie aircraft and installed in the laboratory. Availability of data re- 
duction and essentially failure-free system operation were deciding factors in 
the brevity and success of hie Flight Test program. In addition to hie test results 
described above and in Appendix A, other data was obtained which tended to verify 
good system operation and to substantiate design assmnptions. 
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AAFE 



FLIGHT 

NO. 

DATE 

DURATION 

PURPOSE 

RESULTS 

1 

10-28-75 

3 HOURS 

ELECTRICAL AND MECHANICAL C/0 
PARAMETER VARIATION TESTS 
o ACQTHESHOLD3 o INIT. WAVEHT. 

« J3 » INIT. DROOP 

» ACCELEROMETER « VARIOUS 
« TRACKER BW CONFIGURATIONS 

0 PLATFORM +100 FT 

GOOD SYSTEM AND TRACKER OPERATION 
IMPROVED PERFORMANCE WITH 
= HIGHER ACQ THESHOLDS 
- ACCELEROMETER INPUTS 
PLATEAU GATE ERRATIC 
MINOR SOFTWARE CORRECTIONS 

2 

11-4-75 

2 HOURS 

FPQ-6 PLATFORM TRACK 
PARAMETER VARIATION TESTS 
® ACQ THRESHOLDS » 16K NOISE AVE 
» lOHzAGC ■> PRF 

o TRACKER BW <■ ACTIVE WAVE HT. 

HIGHER ACQ THESHOLDS SELECTED 

POOR PERFORMANCE WITH ACTIVE WAVE HT. 

RECEIVER WARM-UP PROBLEM 

3 

11-5-75 

0,5 HOURS 

PROF! LOMETER WAVE HT. TEST 
PARAMETER VARIATION TESTS 
o INITIALWAVE HT. 
o 10SEC AVE FOR WAVE HT. EST. 

SIGNIFICANT IMPROVEMENT IN WAVE HT. EST. 
RECEIVER ADJUSTMENT IN-FLIGHT 

4 

11-14-75 

2.5 HOURS 

PARAMETER VARIATION TESTS 
o 4, 16K NOISE AVE 
«• ACTIVE WAVE HT./DROOP WITH 
30 SEC SIGNAL AVE 
ACCEPTANCE TEST DRY RUN 

ROUGH FLIGHT 

POORER ALT. RES. (5-10 CM) 

GOOD WAVE HT. EST. 

PLATEAU GATE PROBLEM (CORRECTED POST 
FLIGHT) 

5 

11-19-75 

1.5 HOURS 

ACCEPTANCE TESTS 
o ACQ. 

« ALT RESOLUTION 
" WAVE HEIGHT EST. 

SMOOTH FLIGHT 

EXCEPTIONALLY GOOD PERFORMANCE 
« ALT RES 2.1 CM 

























ALTfTUDE RESOLUTION 


2.12 CM (10 CM REQU I RED ) 


ACQUISITION TIME 


1.99 CM ALT RES IN 4.5 SEC (10 CM IN 
5 SEC REQUIRED) 


WAVE HE! GHT ACCURACY 


RMS FLUCTUATION 10.8^ 

ACCURACY <+25^ ( + 25^ REQUIRED) 

FLIGHT NO. 3 DEMONSTRATED 10^ ACCURACY 
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Section B — System Design 


1. PRINCIPLES OF OPERATION 


The AAFE Radar Altimeter is designed to measure altitude, wave height 
and sea reflectivity. System design and operation are based on knowledge of 
backscattered signal characteristics which depend on geometry, radar para- 
meters, cUid environment. References 1-3 contain the significant theoretical and 
experimental data used as basis for the system design. 

The radar geometry is illustrated on p. B-2. The nominal radar 
platform altitude is 10,000 feet. The radar antenna beamwidtii is approximately 
15 degrees, and the basic range resolution cell of the system is 41. 67 centi- 
meters. Because of die wide antenna beamwidtii, the system operation is pri- 
marily pulse limited. With the exception of longer ranges, the sea return ampli- 
tude as a function of time is not affected significantly by the antenna pattern. The 
transmitted signals are reflected by the surfaces of the waves and upon reception 
by the system a^e resolved in 41.67 centimeter inteiwals. The fine resolution 
provided by the system enables mapping of the reflections from the pealc to the 
trough of the wave. An accompanying diagram based on the flat earth model in- 
dicates the distances corresponding to the platform altitude and the range resolu- 
tion. On the basis of the flat earth model, the very first range cell encompasses 
scattering from the sea surface of a circular area with a radius of 50 meters. 

The half angle subtended by this radius or area is approximately 1 degree. The 
furthermost range cell (Late gate) of the system is centered at 15.4 meters with 
respect to the altitude and receives reflections from a circular annulus having a 
radius of 306 meters. The corresponding half angle from nadir is 5. 8 degrees. 

The next figure illustrates the theoretical signal strength as a function of 
time or range; the radar transfer function (range sidelobes) and antenna pattern 
effects are implicit in these plots. Amplitude data is shown for 0.5 to 10 meter 
significant waveheights. The characteristic features of the amplitude function 
are a leading edge ramp and a dropping plateau at longer ranges. The leadmg 
edge ramp is primarily due to the wave height phenomena. The lower wave 
heights exhibit a steeper ramp tlian the higher wave heights. This ramp rises 
as the transmitted signal penetrates deeper into the wave. Initially, the back- 
scattering is obtained from the peaJvS of the waves. Succeeding range cells obtain 
backscatter from intervals deeper into the wave until finally signals are back- 
scattered by the trough of the wave. At this time a pealc ainplitude is obtained 
and maintained. The droop in the plateau at longer ranges is a function of the 
fall -off of the antenna pattern gain and the sea reflectivity as a function of angle. 

It should be noted that the amplitude plots are normalized such that with the 
antenna pattern and reflectivity fall-off effects absent, the plateau would remain 
constant at unity value. This normalization results in an apparentls^ lower signal 
amplitude for the lower wave heights at long ranges. However, in a presentation 
of amplitude where no normalization is performed, the low wave height signal 
strengths are greater than those from the high wave heights. The half-power 
points of each curve or, more correctly, the zero time on the axis of the diagram 
corresponds to the mean sea level; it is the altitude with respect to the mean sea 
level that is of interest. Slight deviation of the amplitudes at zero time fi^om the 
half -power point is due to the radar system tx'ansfer function (filter width and 
sidelobes) and sea wave and antenna pattern induced effects. 

The figure on p. B-4 presents radar altimeter oscilloscope display data. 

It represents a 10-second exposure of the face of the oscilloscope when operating 
at a PRF of 850 pulses per second. This figure illustrates another important 
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aspect of the sea return signal. That is, the sea return signal is a fluctuating 
signal. The fluctuation is due to the pulse-to-pulse decorrelation caused by wave 
and platform motion; the degree of decorrelation is dependent on wave height, 
platform motion, andPRP. 

The fourth figure illustrates the radar altimeter tracking and wave height 
measurement mechanization. The radar tracker utilizes an Early and a Late gate 
which ai'e separated by 15.4 meters. It strives to maintain the ratio of the out- 
put powers of these hvo gates to be equal to a selected value. In order to track 
the mean sea level (half-power point), the system is designed to correct for the 
amplitude deviation at zero time and plateau droop due to the antenna pattern and 
sea reflectivity at the position of the Late gate. The gate placement is achieved 
by range commands from the tracker. Thus the range command is in fact the 
predicted altitude of the platform aljove the mean sea level. For the purpose of 
wave height estimation 24 Ramp filters or gates are implemented. These gates 
are in essence connected to the Early gate and sample the leading edge or ramp 
of the sea return, A number of algorithms can be utilized to process the ampli- 
tude information from these gates and to derive the sea wave height. A simplified 
approach was developed which utilized only gates 11 through 14. Amplitudes from 
these gates are utilized to compute a ramp slope, ajnd the slope is then related to 
the wave height by means of a polynomial. The sea reflectivity measurements 
were based on the amplitude of the Plateau gate which is located at the same 
position as the Late gate. In order to overcome the random fluctuation of the sea 
return signal, two types of averaging are implemented in tlie system. The first 
averaging is on a range cell to range cell basis and is controlled by means of 
Early and Late gate width selection at the radar control panel. The second type 
of averaging is performed pulse to pulse and based on the tracker bandwidth and 
PRF selections at the control panel. 


Reference 1 — Barrick, D.E. , "Remote Sensing of Sea State by Radar", 
Chapter 12 of Remote Sensing of the Troposhere, V. E. Derr (ed,), NOAA, 

August, 1972, 

Refei’ence 2 - Dooley, R.D., ot al, Study of Radar Pulse Compression for 
High Resolution Satellite Altimet^ 5 ^ NASA Report " CR-137474, December, 1974; 
TSC Report #WO-lll. 

Reference 3 — Walsh, E, , "Analysis of Experimental NRL Radar Altimeter 
Data", Radio Science, pp 711-722, August — September, 1974. 
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e REFLECTION OF SIGNAL BY WAVES 


• FLAT EARTH MODEL 



RANGE 

RESOLUTION 

CELLS 



306 M 
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• SEA RETURN SIGNAL RAMP, FLIGHT NO. 2 

• 10 SEC EXPOSURE 


1 


RELATIVE 

POWER 


0 



RAMP FILTERS 


GATES 



GATE PLACEMENT 
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2. IMPLEMENTATION OF STRETCH TECHNIQUE 


Fine z’ange resolution is the key '^eature of the altimeter design which en- 
ables it to achieve the required performance. This fine resolution capability is 
implemented using the stretch technique which employs a correlation mixer as 
opposed to a compression lin&^for processing the reflected signals. Implementa- 
tion of this novel technique with 1000:1 pulse compression is primarily due to the 
Reflective Array Compression/Bfcpansion line teclinology at the Hughes A/C Co. 

The radar altimeter stretch processing is depicted in the facing figure. 

The stretch technique is based on transmitting a coded signal and correlating the 
reflected return -with a replica of the transmitted signal. The diagram, illus- 
trates this process which takes place in the second mixer. The first mixer is 
primarily a down conversion operation which results in translating the 13.9gHz 
signals to the second IF of 1080 MHz. These second IF signals which still con- 
tain the frequency modulation are mixed in the second mixer with a coded signal 
of the same type as transmitted. The output consists of signals at the third IF 
(540 MHz) %vith offsets in frequency which are proportional to signal time delays. 

The diagram illustrates three returns from three discrete scatterers 
which are displaced 45 cm in range. The return signal of the first scatterer 
arrives 3 nsec earlier than the reference signal. Scatterer #2 signal arrives 
at a time coincident with the reference and Scatterer #3 ari*ives at a time 3 
nanoseconds later than the reference. When these three signals are mixed with 
the coded reference signal, the result is three gated CW signals with differing 
center frequencies. Thus, range delaj' is converted to a frequency differential. 
Since the coding or modulation slope is 120 kHz per nanosecond, a time delay of 
3 nanoseconds results in a frequency differential of 360 kHz, The 3 gated CW 
signals can then be distinguished or I’ange gated by means of filters in the fre- 
quency domain. The system employs 24 Ramp filters with a bandwidth and spac- 
ing of a l/3 MHz which corresponds to 2.77 ns or 41.67 cm and can resolve these 
three scatters. The absolute range is determined fi'om the reference signal time 
which is commanded by the software tracker. An Important advantage of this ap- 
proach is that the signals that are ultimately converted to digital form are basic- 
ally 3 microseconds in duration. Thus, A to D conversion requirements or sam- 
ple rates are substantially less severe than in the normal implementation of pulse 
compression where the result would be range cells of 2.77 nanoseconds. This 
would impose severe A to D sampling requirements. 

The next figure indicates the frequencies and location of the various gates. 
The 24 ramp filters sti-addle the 27 MHz tliird IF frequency and allow mapping or 
analysis of the leading edge or ramp of the sea return; their coverage corresponds 
to 10 meters in range. The Late gate and the Plateau gate is offset from the Early 
gate by 12.333 MHz which corresponds to 102.77 nanoseconds or approximately 
15.4 meters. The outputs of these gates are sampled, held, multiplexed and con- 
verted to digital form. In this form, they are sent to the computer where they 
are processed’ and recorded', ■ ■ 
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3. HAHDWABE FUNCTIONAL DESCRIPTION 


A summary of the key AAFE Radar Altimeter system parameters is given 
in the table (p. B-12) and a system block diagram is presented in the next two 

fX^T.XX*SS 

The source of signal generation is a 108 MHz oscillator located in the 
Exciter portion of the Transceiver subsystem. It serves as the reference clock 
in die synchronizer of the Analog/Digital subsystem (ADS) which originates all 
triggers and gates and provides the base frequency from which signals are de- 
rived. A delay implementation in die ADS miit pi'ovides 15:1 time splitting of 
this signal resulting in an effective 1. 6 GHz clock and a range command LSB of 
0. 62 ns, or 9. 3 cm. Using frequency multiplication and division of the 108 MHz 
signal, the Exciter generates the basic 540 MHz signal and the 567 MHz tiiird 
LO signal. A 540 MHz CW signal is supplied to the spectrum generator where 
it is gated to 5 ns by means of a delay technique. This gated signal provides die 
necessary input bandwidth for the acoustic dispersive delay line which expands 
the pulse to 3 ps. Due to die available technology at Hughes Aircraft Company, 
a reflective ari'ay compression or expansion (RAC) delay line is used to provide 
the liigh bandwidth linear FM signals with minimum phase error characteristics. 
The RAC line provides a modulation slope of 180 MHz/3 ps wliich results in a 
center frequency of 1080 MHz and 360 MHz bandwidth over the 3 jis pulse after a 
times two frequency multiplication. A gate driven switch after the multiplier 
provides for selection of 0. 75, 1. 5, or Ml 3. 0 ps pulses with 90, 180 or 360 MHz 
of bandwidth. This signal is used to supply the Transmitter drive and the 2nd _ 

LO signal for the correlation or stretch processing. Range or time of generation 
of the 2nd LO signal depends on the platform altitude and is determined by the 
software tracker. Economy considerations dictated a serial metliod of generating 
the Transmittei’ drive and 2nd LO using the same hardwai’e; as a result the sys- 
tem minimum range of operation is approximately 7,000 feet, or 14 us. Tlie 
transmitter drive at 13.9 GHz is generated by amplifying the 1080 MHz coded 
frequency multiplier output and mixing it witli tlie 12. 32 GHz oscillator signal; 
this stable oscillator also provides the 1st LO signals to Hie Receiver, 

Tlie 13. 9 GHz signal is amplified by a TWT amplifier operating in a CW 
mode. Pulse gating of the TWT output is used to reduce transmitter noise. The 
output signal is sampled and detected for monitoring transmit power and radiated 
through the duplexer and horn antenna. The net peal< power at the duplexer out- 
put is approximately 0. 5 watts. The antenna has a bpamwidth of approximately 
15. 6 degrees and gain of 21. 6 dB. During the Calibration submode, radiation is 
inliibited by a switch after Hie transmitter outline coupler and tlie transmitter out- 
put sample is coupled directly into the Receiver. Calibration submode signals 
are generated during normal receive time, i. e. , the transmitter output is gen- 
erated at the same time as the coded 2nd LO reference signal (zero time delay). 

The received signals are down-converted to the 1080 MHz IF frequency 
using tlie 12. 82 gliz 1st LO signals and amplified; the Receiver noise figure is 
13,3 dB. A manually controlled step attenuator with a range of 69 dB in 1 dB 
steps is provided for controlling the amplitude of the input signals. 

A 102. 77 delay line is implemented in order to provide a Late gate test 
target simultaneously with the Early gate test target; the delay line output is 
sivitched in when operating in Hie Calibration mode. Mixing of the received sig- 
nals with the coded 2nd LO signal constitutes Hie correlation or stretch process; 
this operation translates time delays to frequency offsets and preserves the basic 
pulse length. The time of generation of the 2nd LO signal, wliich is under 
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computei’ control, and tlie frequency offset of a given scatterex', determine its 
total time delay or range. These signals are than filtered to reduce Receiver 
noise and mixed down to the 27 MHz 3rd IF, A computer-controlled AGC main- 
tains the signals witliin the desired region of the dynamic range of the filters/ 
detectors wliich follow; the AGC is controllable in 0.75 dB steps over a 47.25 dB 
range. The signal is successively split and amplified to provide inputs to the 
Early, Late, Plateau and the 24 Ramp filters. Linear detectors follow each of 
the 24 Ramp filters with 1/3 MHz bandwidth and spacing; this is equivalent to 
41. 67 cm resolution. Early and Late gate filter widths are selectable for reduc- 
ing signal fluctuation by range cell-to- range cell integration. Along with the 
Plateau gate, the Early and Late gate filter bandwidths depend on the selected 
pulsewidth; the square lav/ detectors of these gates are followed by integrators 
which are matched to the pulse width. See a succeeding topic on Control Panel 
for available bandwidths. 

The filter oii^uts, along with the Transmitter power sample and acceler- 
ometer output, are simultaneously sampled, held, multiplexed and conveiied to 
digital form by the 12-bit A/D converter of the ADS subsystem. In tlie ADS, the 
linearly detected Ramp filter outputs are squared and truncated to the 16 MSB's. 
These 29 unbuffered signals are then sent dii’ectly to the computer foi’ processing 
each pulse period; seven other 16-bit words containing control panel switch codes 
and NASA time data are also transmitted to the computer by ADS, Each pulse 
period the ADS I'eceives 6 words which include mode, parameter, AGC and alti- 
tude commands and data for display on tlie oscilloscope and the light emitting 
diode array (LEA). The Radar Control Panel provides the controls and switches 
foi’ selection of radar operation; the wi’ap-around implementation with the com- 
puter and computer command indications by LED's on the control panel insure 
px’oper transmittal, implementation, and I’ecording of the opex'ator selected 
configuration. 

The computer provides processing of signals, ox’iginates range commands 
by means of the ti-acking function, provides AGC commands and data for display. 

It also outputs pei'formance and housekeeping data for x^ecording on the 7-track 
magnetic tape unit; a comprehensive set of appi^oximately 300 distinct parametex’s 
is recorded. Tlie teletype unit is used for loading programs, troubleshooting, 
and data x'eduction but is not requix'ed during nox'mal system operation. The Com- 
puter Subsystem and the associated data reduction software pi’ovide a stand-alone 
data reduction capability. With the exception of the magnetic tape unit, each of 
the otlier units weighs less than 73 pomids and is man pox’table; total weight is 
548 pounds. The system occupies less than tw^o standard 19-inch x’acks and con- 
siunes 1, 5 kW of power. 

During flight tests the system demonstrated an altitude resolution of 2. 12 
cm, acquisition time of 4.5 seconds, and wave height prediction accuracy of 10%. 
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FREQUENCY 


CW-TWTWITH GATED OUTPUT 


PEAK POWER 

INSTANTANEOUS 

BANDWIDTH 

WAVEFORM CODING 

TYPE OF PROCESSING 

PULSEWIDTH 

UNCOMPRESSED 

COMPRESSED 

PRF 

RANGE LSB 

NUMBER OF RAMP 
RESOLUTION CELLS 

TOTAL SAMPLE PERIOD 
EARLY GATE 
LATE GATE 

ALTITUDE TRACKER 


TRACKER BANDWIDTH 


ALTITUDE RESOLUTION 
ACQUISITION TIME 


13.9 GHz 

0.5 WATT (MAX) 

360, 180, 90 MHz 

LINEAR FM 
STRETCH 

3,1.5,0.75 iiS 

3, 6, 12 NS NOMINAL 

118 TO 1883 Hz 

0.62ns 

24 


TYPE OF TRANSMITTER TUBE 

TYPE OF ANTENNA 

GAIN 

BEAMWIDTH (AZ/EU 

SYSTEM NOISE FIGURE 

SYSTEM S/N RATIO 

COMPUTER 

DATA RECORDED 
(-300 PARAMETERS) 


67 NS(~10M) 

1,2, 4, 8 CELLS 
1, 4, 16 CELLS 

SPLIT GATE AIDED 
BY ACCELEROMETER 

SELECTABLE 
1/4 TO 5 Hz 

< 10 CM 

<5 SEC 


DATA STORAGE 
TELEPRINTER 
TYPE OF DISPLAY 
WEIGHT 

POWER CONSUMPTION 


WAVEGUIDE HORN 

21.6 dB 

15.6 DEGREES 
13.3 dB 

11 dB (ao = 6dB) 

16K MEMORY MINICOMPUTER 

CONTROL PANEL SETTINGS 
AGC, S/N 

ALTITUDE, TRACKER ERROR 
VELOCITY, ACCELERATION 
WAVE HEIGHT, Oo 
TRANSMIT POWER 
NOISE LEVEL - ALL FILTERS 
BIAS LEVELS - ALL FILTERS 
CALIBRATION DATA 
SIGNAL LEVELS - ALL FILTERS 

7 TRACK MAGNETIC TAPE 

ASR 33 

OSCILLOSCOPE 
548 LB 
=*1.5 KW 


OPERATIONAL ALTITUDE 


8 TO 12KFT 
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4. SOFTWARE FUNCTIONAL DESCRIPTION 


The computer and software have a key role in the I'adar altimeter system. 
The software provides system control, processing, display and recording func- 
tions. The recorded information contains housekeeping data as well as sigiial 
levels and performance data. The basic operational functions are summarized 
in the table on p. B-18 and described below. 

Mode and sub-mode control is provided by the software. It commands 
and cycles the Noise, Bias, Calibration, Acquisition and Track submodes. The 
software also provides range control on the basis of tracker processing. It 
commands the time or range at which the second LO reference signal is gener- 
ated. This signal determines the frequency offset of the backs cattered signals. 
AGC* control is also resident in the software. During acquisition and high band- 
width track operation the AGC bandwidth is 10 Hz; during normal track opera- 
tion, AGC bandwidtli is 0.25 Hz. The AGC command is derived from the Plateau 
gate amplitude and is designed to maintain the signals within the desired dynamic 
range region of the receiver. 

The software includes acquisition and tracking processing logic. During 
search it steps the range until threshold crossings are obtained in the Early and 
Late gate denoting that the sea return signal is present. At that time, a high 
bandwidth tracking lock-on operation is initiated and after two seconds normal 
tracking follows . The tracker logic utilizes Early and Late gate amplitudes and 
accelerometer inputs. The accelerometer inputs are necessary to compensate 
for platform motion effects. 

The software also processes Calibration mode data. This processing in- 
cludes filter splittmg or, equivalently, range gate splitting of the calibration test 
target. From this data system delay variations can be accurately established. 

The 24 Ramp filter data is averaged over 0. 1 sec intervals in order to 
minimize the recording requirements. Averaging of up to 30 sec is also per- 
formed for wave height estimation. 

The software provides processed data for display on the system oscillo- 
scope and the light emitting diode array (LEA) display. Averaged noise or sea 
return data of the Ramp, Early, Late and Plateau gates is generated for display 
on the oscilloscope. Processed altitude, tracker altitude correction (error), 
sea reflectivity, wave height and AGC data is output for display on the LEA 

display. . 

Using Noise and Bias submodes, the software derives filter gain and bias 
corrections which are used throughout the program for adjusting signal 
3.i"XipXit»uc3© s a 

Comprehensive data recording is included in the design. This provides 
for outputting processed data such as altitude, wave height and refiectivity as 
well as noise and signal amplitudes of the filters, and data which is useful in 
configuration control and fault and performance monitoring. Approximately 300 
distinct parameters are recorded on the 7 track magnetic tape. 

The basic architecture of the operational program is indicated in the 
figure on p. B-19. It consists of four sequences: start, acquisition, track and 
termination. Software initialization occurs during tlie start phase of the pro- 
gram. The acquisition sequence consists of executing Noise, Bias and Calibra- 
tion and Acquisition submodes of the radar. Upon acquiring the sea return, 
the operation then resides in the track sequence where Track, AGC, Ramp 
Preprocessing and W^ave Height Estimation subroutines ai’e executed. In addi- 
tion, on an interleaved basis Noise, Bias and Calibration sub-modes ai'e exe- 
cuted. The latter submodes are executed at a rate of one pulse per 0.1 sec; all 
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three submodes are completed approximately every 7 minutes. Data recording, 
radar I/O and data processing for display are performed concurrently. The 
radar input and output consists of 6 and 36 words respectively and transfer is 
executed each pulse. The data display processing which provides data for the 
oscilloscope and LEA displays occurs on a time available basis each pulse. 
Operation continues in the track sequence until an occurrence of a fault (e.g. 
loss of track) or operator action. In these cases, operation is properly term- 
inated by waiting until magnetic tape recording is completed. At that time, a 
halt indication is displayed on the computer panel and operation can be restarted 
by the operator. 
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5, CONTROL OF SYSTEM PARAMETERS 


The system includes the Radar Control Panel which provides the necessary 
controls and switches for iradar operation and selection of system parameters. 

A photograph of the control panel is provided in the figure on p. B-22. The three 
switches in the upper right hand corner provide for selection of the mode 
(Normal/Test), for system control from the panel or computer and for magnetic 
recording (on/off). In the Normal mode, the system transmits and radiates sig- 
nals through the antenna; in the Test mode the system generates an internal tar- 
get which is coupled into the receiver. The Panel/Computer control switch pro- 
vides the capability to select the operating configuration from the panel; this 
configuration is used for hardware testing and troubleshooting and the commands 
sent from the computer are not used by the system. The XCVR, ADS, COMP 
indicators below provide power status information for the Transceiver, ADS, 
and Computer subsystem. When the system on/off switch, at the lower right 
hand corner, is depressed, power is applied (or removed) to all units of the sys- 
tem. The transfer fault indicator provides an indication in the event IG or more 
pulse intervals are skipped before commands are received by the radar from the 
computer. 

The left side of the Control Panel pro\ides si.x switches for selecting the 
system parameters. These include the pulse width, PRF, the Late and Early 
gate widths, the track point, and the tracker bandwidth. The available selections 
are discussed below. The two switches at the center of the panel provide for 
selection of data to be displayed on the LEA and oscilloscope display. The LEA 
output consists of a 4 digit numeric and for this display the operator can select 
wave height, reflectivity, altitude in meters or centimeters, AGC and the tracker 
altitude correction (error). The oscilloscope display selections are limited to 
the sea return ramp data and noise data. In the case of the sea return, the os- 
cilloscope display presents 0. 1 sec averages of each of the 24 Ramp filters and 
the Plateau gate; the Early and Late gate signal averages are based on the recip- 
rocal of the tracker bandwidth. Three track related status indicators also appear 
on the panel. These are acquisition, track lock and track fault. The acquisition 
indicator is lighted when the software initiates the search for the sea surface; 
the track lock indicator is lighted when tracking has been initiated. Track fault 
indicator is lighted under low signal-to-noise ratio or excessive altitude step 
size conditions. 

A wrap around method of implementation was used for the 6 primary 
parameter selection switches. That is, upon operator selection of the desired 
settings the signals are transferred to the computer; the computer checks these 
values and sends them back to the radar. Upon receipt of the selection codes, 
the radar lights light emitting diodes (LED's) located at the switcnes and imple- 
ments the commands. Tliis approach not only insures that proper commands 
are implemented but also that they are recorded. A second feature of the system 
design, which insures the recording of switch positions, is that upon a change of 
anv switch setting,' the software will halt the system and cause operation to be 
restarted. During the restart, the software recox’ds an extensive initialization 

table which also contains the switch codes.. 

The numerical values of the six basic parameters are indicated in the 
table on p. B-23. Four PRF selections are available for each of the three pulse 
widths. The design PRF values are related to the decorrelation PRF. For ex- 
ample, the decorrelation PRF for a nominal compressed pulse width of 3 nano- 
seconds (2.77 nanoseconds) is 235 Hz when the radar platform velocity is 140 
Icnots and altitude is 10 Kft. The other PRF selections for this pulse width are 
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multiples of the decorrelation PRF. Similarly, PRFs for a nominal pulse mdth 
of 6 and 12 nanoseconds are derived on the basis of their respective decorrelation 
PRFs. The PRF follows a square root dependence with the pulse width. Several 
Early and Late gate widths selections are available. These are also dependent 
on pulse widths. For the 3 jus transmitted pulse width or 2.77 ns compressed 
pulse width, the minimum gate or filter width is 1/3 MHz. Available selections 
are in terms of multiples of tliis minimum width. 

In addition to the built-in switches and controls in the Radar Control 
Panel, a number of parameters can be varied by means of changes in the soft- 
ware. In many cases, this is a matter of changing single constants. Significant 
processing flexibility is available via logic modifications. Extensive use of this 
flexibility was made during the development and testing of the system (see Topic 
A-4). 
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6. MODE AND SUB-MODE CONTROL 


Wlien tlie tjystem is operating under computer control, sub-modes are 
controlled or sequenced automatically by tlie software. The basic mode (Normal 
or Test) is selected at the control panel. The facing table summarizes the key 
characteristics of the submodes and modes when under computer control. It 
should be noted tlaat equivalent operation is also possible under Panel control; 
however, AGC and noise or test target generation must be selected via switches 
on the front panel. 

In the Noise submode, tlie soft\vare commands zero db of AGC and the 
filter output signals consist of the receiver noise. The purpose of tliis mode is 
to obtain average noise levels botli for extraction from the signal plus noise levels 
in track process’ng and, also, for gain correction of the filters in the event the 
filters are not accurately manuallj?- aligned. A set of noise submode data con- 
sists of average amplitudes of 4096 pulses. 

The Bias submode is intended to provide the filter biases. For tliis rea- 
son, the software commands maximmn AGC of 47. 25 dB. With this amount of 
AGC, all signals and noise are suppressed. The residual outputs are Receiver 
filter biases. The average bias data is extracted from tlie signal plus noise am- 
plitudes in various processing areas. Biases are successfully extracted only 
from the Early, Late and Plateau gate signals; Ramp filter biases must be checked 
and properly set prior to operation,. The Bias submode is executed for 128 pulses 
before averaging the values. 

The Calibration submode is designed to monitor the time delays within 
the system. It utilizes a test target. The signal amplitudes of the Ramp filters 
are processed to detex’mine the position of the test target and thereby the time 
delay wiiiiin the system. In ox’der to minimize the effects of noise, a large test 
target is used and 30 dB of AGC is applied. The Calibration submode is executed 
for 128 pulses. 

Track or acquisition submodes during Normal mode operation consist of 
radiating through the duplexer and antemia and receiving the sea return signals 
wMch are then px-ocessed by the computer. In the case of tlie Test mode, no 
x-adiation talces place but x’athex’ an intex'nal test target is genex'ated and exex'cises 
the tracker. In both cases, the AGC is dynamic; that is, it is based on the am- 
plitude of Plateau gate signals. 

Noise, Bias, and Calibration submodes are interleaved with the Track 
submode by the software logic. A pulse is dedicated each 0. 1 sec for these 
three submodes and tliey m’e executed sec[uentially to completion every 435 sec. 
This pi’ovides an automatic update of the bias, noise, filtex’ scale factors, and 
time delay data. 
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7. design OF TRACKER 


Tlie radar altimeter employs an alpha-beta tracker aided by accelerometer 
inputs. The tracker development was funded primarily by internal Hughes funds, 

A detailed block diagram of the tracker is presented in the facing figure. 

The tracker utilizes Early and Late gate signals to determine the position 
with respect to the selected track point and to correct the altitude accordingly. 

Tlie Early and Late gate signals are summed for a mnnber of pulse intervals de- 
pending on the selected tracker bandwidth. The average Early gate and Late gate 
signals are corrected for bias and filter gain misalignment and receiver noise. 

Tl°e corrected Early and Late gate values are used to form a ratio wMch is mod- 
ified by a constant (CFK) to accomit for the droop in the plateau due to antenna 
pattern and sea reflectivity effects. Tlie result is the idealized Early to Late 
gate ratio wliich is then compared with the selected track point. The difference 
of this comparison is scaled to dimensional units and converted to range LSB's. 
The scale factor is proportional to the rms sea wave height and for this reason 
the tracker is adaptive to sea state conditions; a wave height estimate is supplied 
to the tracker every 30 sec by the Wave Height Estixnation Module. This result 
is the tracker error which is used to update both altitude and vertical velocity 
as Indicated in the lower half of the diagram. 

Ths trackGr 6rror is scalGd by tliG constant alpha and tliG result is added, 
to the current altitude. This update occurs every 0. 1 sec during the high band- 
width lock-on operation (first 2 sec); afterwards the update period is equal to the 
reciprocal of tlie selected tracker bandwidth. In a similar manner, the error is 
scaled by the constant beta and added to the current velocity estimate. During a 
given period, the velocity estimate is corrected each pulse by accelerometer 
inputs and used each pulse to update the prediction of the tracker altitude. The 
tracker output is used directly as the altitude command for the next pulse. Thus, 
tracker smoothing or estimation of range or altitude and velocity takes place at 
a rate equal to the reciprocal of the tracker bandwidth and altitude and velocity 
estimate updating (pi'ediction) is performed every pulse using accelerometer In- 
puts and velocity data. . 

The smoothed or estimated altitude is recorded on tape in range cells 
and fractions thereof; whereas the altitude supplied for radar commands is 
rounded to the nearest range cell. 

The tracker design utilizes an alpha of 0. 8 and a beta of 0.4. ihis yieias 
slightly correlated altitude estimates and for tliis reason if imcorrelated outputs 
are required the system should be operated at a higher bandwidth than ultimately 
desired. The resulting altitude data can then be manually averaged or by means 
of data reduction programs to yield the desired bandwidth or data rate. 
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8. OVERVIEW OF DATA COLLECTION 


The radar altimeter design includes a comprehensive data recording 
capability. The data recorded is summarized in the facing table and consists of 
approximately 300 distxnct items. 

The Initialization module decodes and supplies a 48 parameter table (100 
computer words) for recording which contains the switch setting information and 
internal software constants and parameters. This module is executed only at the 
start of operation. However, the system is designed such that whenever any 
parameter is changed at the control panel, operation is terminated and a restart 
is required. Consequently, the Initialization subrecord is always recorded. The 
Noise, Bias, and Calibration modules provide primarily average filter output 
data for the Ramp filters and the Early, Late, and Plateau gates. In addition, 
the Bias module outputs gain correction scale factors for the filters which are 
computed on the basis of the biases as well as the average noise levels provided 
by the Noise Estimation module. The Calibration module performs filter split- 
ting and outputs the test target position in addition to the average filter levels. 
Daring acquisition these modules and the corresponding modes are executed 
sequentially and require minimum time. During track, the data is accumulated 
by means of dedicated pulses every 0. 1 sec; consequently, complete execution of 
all three sub-modes at any PRF is performed only once every 435 seconds. 

The Acquisition module provides a 7 word subrecord each pulse. Wlien 
the Acquisition mode is executed for an e.xtended period of time it can cause a 
recording overload and loss of data. However, this will not occur for the oper- 
ational environment intended. The 7 data words include altitude, AGC and Early 
and Late gate amplitudes and associated counter values. Tlie Track module sub- 
records are output at a rate corresponding to the reciprocal of the tracker band- 
width. The 15 data items include Early and Late gate outputs, altitude, the 
tracker error, velocity, acceleration and signal-to-noise ratio. 

The Ramp Pre-processing module pi’ovides average Ramp filter ampli- 
tudes every tenth of a second. It also includes th'; Plateau gate value and com- 
manded AGC. The Wave Height subroutine is executed every 30 seconds and it 
outputs the wave height estimate, reflectivity and the di'oop correction factor 
estimates. 

In addition to the above data, a 5 word subrecord is output whenever the 
Receiver step attenuator is changed! This subrecord contains the time of the 
change and the step attenuator value. 

Recording Wmats are indicated in the figure on p. B-30. The basic struc- 
ture of the recording implementation consists of accumulating subrecords with 5 
to 100 computer words and storing these subrecords into 1, 000 word records. The 
design includes a double buffered approach which eliminates loss of data; while 
one buffer of a 1000 words is being output to magnetic tape the other buffer can 
be filled with new data. With the exception of the Acquisition subrecord, each 
subrecord contains the NASA time information which is stored in words 2-4. 

The first word of each subrecord is intended for subrecord identification. The 
required recording speed is well within the magnetic tape recording capability 
of 45 ips at 800 bpi or 12, 000 16 -bit words per second. 
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OPERATIONAL 
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INITIALIZATION 

48 
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34 
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90 
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NOISE BASED GAIN FACTORS FOR EACH FILTER 
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435 SEC 
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AND TEST TARGET DELAY ESTIMATE 
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19 
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WAVE HT (15) 
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1. Description of Microwave Equipments 


C-0 


Section C — Microwave Subsystem 


1. DESCRIPTION OF MICROWAVE EQUIPMENTS 


The microwave equipments interface with the Transmitter and Receiver 
and provide the duplexing and radiation fiuictions. A block diagram shovhng the 
duplexer, horn antenna, waveguide and interfaces is presented in the facing fig- 
ure. A three-port circulator provides the duplexing function; its isolation during 
transmit is approximately 30 dB, A semi rigid elliptical waveguide connects the 
duplexer to the antenna; this waveguide was selected for ease of installation and 
because of its low phase distortion properties. The horn antenna provides a one- 
way 3 dB beamwidth of approximately 15.6 degrees and gain of 21.6 dB; the horn 
antenna is 22 inches in length and has a 3. 6 x 2. 6 inch aperture. 

The duplexer is located at the rear of the Transmitter- Exciter unit as 
shown in the figure on p. C-2. The antenna, waveguide and receiver/Duplexer 
connector are shown in the next figure; the accelerometer included in the figure 
is mounted on the antenna but is actually a part of the ADS Subsystem. Tlie 
antenna pattern with an expanded mainlobe plot is presented in the figure on 
p. C-4; peak sidelobes which are approximately 13 dB have no bearing on 
system performance. 
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1. TRANSCEIVER OVERVIEW 


The Radar Altimeter Transceiver consists of the Exciter, Transmitter 
and Receiver equipments which are packaged in the three units indicated in the 
figure. The Transceiver provides signal generation, amplification and analog 
processing of the received sea return signals and incorporates a number of novel 
design features. 

The Exciter uses a reflective array compression (RAC) line wHch was 
developed by Hughes Aircraft Co. to genei’ate 3 ps pulses with 360 MHz of linear 
F.M. chirp; the RAC line is described in a succeeding topic. Pulse compression 
of 1000:1 is obtained using correlation or stretch processing in the Receiver as 
opposed to standard pulse compression. Succeeding topics and topic B-2 provide 
a description of the stretch processing and its advantages. The Receiver incor- 
porates 24 Ramp filters for analysis of the leading edge of the sea return signal 
which contains the sea wave height information. It also incorporates selectable 
width Early and Late gate (filters) for use by the system split gate tracker in 
tracking the surface of the sea. A triple down-conversion Receiver implementa- 
tion is used; the second conversion constitutes the stretch correlation process 
and is performed with the RAC coded reference signal. 

Each of the three units shown in the figure is removable and the Trans- 
mitter and Receiver drawers are mounted on slides for ease of maintenance. 


D-0 



Section D - Transceiver Design 


2. EXCITER/TRANSMTTER OVER\TEW 


Tlie Radar Altimeter Exciter and Transmitter supply the transmit signal 
to the antenna, 1st, 2nd, and 3rd LO to the Receiver, clock to the ADS and a 
transmit test target signal for self-test application. The figure on p. D— J pro- 
vides an overall block diagram of the Exciter and Transmitter. 

A crystal oscillator generates the 108 MHz signal. This signal is divided 
by four to generate a 27 MHz signal and is also multiplied by five to generate a 
540 MHz signal; both signals are filtered. The 540 MHz signal is sent to athree- 
waj’^ power splitter and the resulting three signals are amplified and provide in- 
puts to the Waveform generator and the two mixers which generate the 2nd and 
3rd LO signals. The 5C7 MHz 3rd LO is a CW signal and is derived by mixing 
the 27 MHz and 540 MHz signals. The Waveform generator provides a 3, 1,5, or 
0.75 MS coded pulses with 360, 180 or 90 MHz as described below. The coded 
Waveform generator output is used in deriving the Transmitter drive signal and 
the 2nd LO signal. The 2nd LO signal center frequency is 1620 MHz and the 
signal is obtained by mixing the pulsed Waveform generator output with the 540 
MHz CW signal. The 2nd LO signal is used as the reference signal in the Recei- 
ver correlation mixer where time delay is converted to a frequency offset; a 
short coax delay is located in the 2nd LO signal path to compensate for the slight- 
ly longer path of the transmit signal within the radar. 

The other output of the power divider following the Waveform generator 
is amplified to a level capable of driving the IF port of die RF mixer. This mix- 
er is used as an up converter to generate the Transmitter drive signal. It com- 
bines a stable 12. 82 GHz signal from the 1st LO with the Waveform generator 
signal to generate a 13. 9 GHz signal. A swatch is placed in series ivith the 12. 82 
GHz signal to switch off the LO to the up converter during the system receive 
time. The 13. 9 GHz signal is passed through a circulator and a filter and is 
amplified by a 40 dB gain TWT. At this point the signal is nearly limited which 
makes the signal relatively flat in amplitude across the 360 MHz band. 

The 35 dBm TWT output is sent to the duplexer through a Transmitter 
on/off switch, the direct path of a directional coupler, and through an isolation 
swatch. The Transmitter power sample and the test target output are obtained 
from the cou’“''ed port of the directional coupler and a power divider. A Cali- 
bration switch provides an output test target during the Calibration submode, 

A coax delay line is located in the test target path to match the propagation delay 
with the signal path delay through the duplexer. The test target signal passes 
through fixed attenuators in order to reduce it to a level which mil not saturate 
the Receiver front end. The Transmitter output sample is detected, amplified, 
and sent to the ADS. 

Waveform Generator 

The^ Waveform generator block diagram is given in the next figure (p. D-5) 
and described below. 

A burst generator/switch driver takes a 3 ms gate and generates a 5 nano- 
second pulse using a 5 nsec coax delay line and a HAND gate. This pulse is eux'- 
rent amplified so that it is capable of swatching two balanced RF sxvitches. The 
swatches gate the 540 MHz CW signal thus forming a burst of RF at 540 MHz 
with a pulse width of 5 nanoseconds. 

A reflective array compression line (RAC) developed by Hughes is used 
to provide an expanded pulse with the pi'oper linear FM code. It accepts the RF 
pulse input which has a sin x/x spectrum and generates a chirp signal which is 
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approximately 3 )ns wide with a frequency characteristic which is linear with time. 
The pulse spectrum has a ISO MHz "bandwidth centered at 540 MHz. The RA.C 
line has approximately 46 dB insertion loss and 30 dB of expansion loss (5 ns to 
3 jLts). The HAC operating principles and performance are described in a suc- 
ceeding topic. 

A high gain amplifier takes the -60 dBm output of the RAC and amplifies 
it to +10 dBm which drives the balanced diode frequency doubler. The 1080 MHz 
output of the doubler has a 360 MHz bandwidth. This signal is applied to an RF 
switch where it is gated to the exact 0, 75, 1.5 or 3 ps pulse width by the input 
gate. 

This signal then passes through a 500 MHz bandwidth filter, is amplified, 
and split to provide signals for Transmitter drive and 2nd LO generation. 

Significant Exciter Waveforms and spectra are illustrated on p. D-6. An 
even more unif orm spectrum is obtained as a result of the nearly saturated oper- 
ation of Transmitter. 
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3. REFLECTIVE ARRAY COMPRESSION (RAC) PERFORMANCE 


Optimum stretch processing performance can only be achieved when the 
transmitted chirp waveform has low amplitude and phase errors. This high per- 
formance standard was met in tlie altimeter system by using a RAC dispersive 
filter to passively generate a linear FM waveform having nearly ideal amplitude 
and phase characteristics. 

The RAC approach to implementing high performance dispersive filters 
was first developed by researchers at MIT's Lincoln Laboi’atories (Ref. 1, 2). 

The details involved in designing and fabricating these devices are extensively 
covered in tlie literature (Ref. 2, 3) and mil not be discussed here. The operation 
of a RAC line may be understood by examining the photograph of the RAC filter 
used in the system. As shown in the figure (p. D-10), the operation of a RAC 
line is primarily controlled by a pair of reflecting gratings made Dy etching 
variable spaced grooves into the surface of a piezoelectric crystal. Tlie grooves 
in the arrays are arranged in a herringbone fasliion so that the acoustic signal 
launched by the input transducer is partially reflected at a 90° angle by the first 
array and then reflected another 90° by the second array and directed to the out- 
put transducer. The spacings of the grooves are designed so that the length of 
the U-shaped propagation path is a linear function of the synchronous reflection 
fr equency of the two gratings so as to generate the desired linear FM output 
response. 

The manipulation of the acoustic waves by tlie grooves is strictly a me- 
chanical process and therefoi’e tlie RAC's response is not degraded by the second 
order effects that have seriously distorted the response of previous filters made 
with conventional metal electrodes. If needed, die inherent performance capa- 
bilities of a RAC line can be further improved by individually tailoring its re- 
sponse to compensate for measured amplitude and phase errors. The amplitude 
response of a filter can be altered by changing the groove depth profile used in 
etching the reflecting arrays. The phase errors can be corrected by depositing 
a specially contoured metal film between the reflecting gratings. With these 
characteristics the RAC design approach has revolutionized the performance 
standards previously achieved in large compression ratio cMrp filters and was 
an ideal choice for meeting the requirements of tiiis system. 

The amplitude response of tiie RAC line developed for this system is 
shown on p. D-11. Tliis flat response was achieved with our first groove depth 
profile design, and did not require any special trimming tecliniques. The slowly 
varying amplitude variations of ±1, 5 dB are reduced in the system by soft limit- 
ing the expanded impulse response of the line when amplified by the TWT winch 
operates near saturation levels. 

The line's phase deviation from an ideal quadratic phase response is 
shown in the next figure. This phase error response was found to be a sensitive 
function of how the impedance matching netwoi’ks for tlie input and output trans- 
ducers were timed and could have been reduced to even smaller levels by mailing 
changes in the metal phase correction pattern deposited between tlie reflecting 
arrays. However, since tlie 20° peak-to-peak phase error shown in the figure 
was sloAvly varying it was determined that the resulting phase errors in the de- 
chirped waveform would not affect the performance of the overall system. As 
a consequence no further phase correction trimming was required for the line. 

Reference 1. R. C. Williamson and H. I. Smith, "Large time-bandwidth-product 
surface wave pulse compressor employing reflective gratings, " 
Electronic Letters, Vol. 8, No. 16, pp 401-402, Aug. 1972. 
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2. R. C. Williamson and H. I. Smith, "The use of Surface-elastic-wave 

reflection gratings in large time-bandv/idth pulse-compression fil- 
ters, " IEEE_^Trans^_on_Sonins_andJJto Vol. SU-20, No. 2, 

pp 113-124, April 1975. 

3. H. M. Gerard, O. W. Otto, R, D. Weglein, "Wideband Dispersive 
Filters, " Final Report ECOM-73-0110-F, Contract No. DAAB07-73- 
C-0110, December 1974. 
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4. TRANSMITTER PACKAGING 


The Exciter and Transmitter equipments are packaged in a single re- 
movable slide-mounted drawer. Top and bottom views of the drawer are pre- 
sented in figures (p, D-15, 16, 17). The Exciter and Transmitter are con- 
structed primarily of enclosed modules connected with semi-rigid coaxial lines. 
The drawer is provided with a fan and front and rear panel vents for air cooling. 
The RAC line is contained in an enclosed module which is heated at a constant 
temperature of 75°C in order to provide stable operation. 

Transmitter fault monitor indicator and test points are located on the 
front panel. Receiver LO and test target signal connectors are also located on 
the front panel and proved to be of great convenience during system test and 
integration; the Transmitter/Receiver connection is made with rigid coax wliich 
can be removed foi’ signal test purposes. The ADS interface connections are 
located at the rear of the umt. The wave guide and antemia are connected to the 
duplexer which is also momited on the rear panel. 

The Exciter, Transmitter, and Receiver power supplies are located in 
a single removable drawer as indicated on p. D-18. Power supply test points, 
breaker switches and an on/off switch are located on the front panel of this unit. 
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5. RECEIVER OVERVIEW 


The Receiver provides the down-conversion, correlation and filtering or 
range gating of the sea return signals. The RF down-conversion and correlation 
are described belowj signal levels and a block diagram of this portion of die Re- 
ceiver are presented in the figures on p. D-22, D-23. Filter banks are de- 
scribed in tlie next topic. 

Signals received from the antenna are echos of the sea return and are at 
die transmit frequency of 13. 9 GHz. Tliese returns have a pidse width of 3 usee, 
1. 5 nsec or 0. 75 usee depending on the radar operating mode. The normal mode 
return of 3 usee will have a 360 MHz linear F. M. chirp across die 3 usee time 
waveform while the shorter puH^ widths will have a signal cliirp bandwidth of 
180 MHz and 90 MHz, respectively. 

The signal returns are down converted in a WJ M-18 double balanced 
mixer to a center frequency of 1080 MHz by mixing die 13. 9 GHz cliirp signal 
ividi a CW local oscillator signal centered at 12.82 GHz. Tne iiiLxer is followed 
by a 69 dB, 1 clB step, manual attenuator used to contro) the sea return signal 
level. The noise figime of the down- converter widi 0 dE attenuation is 12.8 dB* 
total receiver noise figure is 13. 3 dB. ’ 

A 30 dB directional coupler located at the mixer input allows injection of 
a test target. Tliis signal is a sample of the Transmitter TWT output and is gate 
selected in the Calibrate submode. The test target level is approximately -65 
dBm at the mixer input. 

Two amplifiers which provide a total of 56 dB of gain follov/ the mixer 
and step attenuator. Mixer conversion loss and circuit losses set the overall 
converter gain to the required 4J :u3. The 1st IF bandwidth is set by a linear 
phase filter wth 3 dB bandwidtii of 500 MIIz. 

Generation of test targets diat -will simultaneously fall in the Early gate 
and the^ Late gate is accomplished by use of the 102. 77 nsec delay line. With the 
delay line selected, two tax’gets are generated with one delayed from the other 
by 102, 77 nsec, or 12. 333 MHz. A buffer amplifier and linear phase filter fol- 
lowdng the delay netwox'k provide isolation and a solid termination to the chirp 
signal as it is applied to the 2nd mixer. 

DecMrping of the 1080 MHz signals is accomplished in the 2nd mixer by 
mixing tlie signal witli a chirp signal centered at 1620 MHz. Tliis signal is a 
duplicate of the transmitted signal pxnor to its up-conver*sion to 13.9 GHz. If 
flie dechirping local oscillator signal and the 1080 MHz sea retuims are time 
coincident tlie clhi’p across the time waveform will be removed and a 3. 0 ps 
(1. 5 or 0. 75 ps) pulse with a center frequency of 540 MHz \vill result. Time 
displacement of the two signals will result in an offset from the 540 MHz center 
frequency of 120 KHz per nanosecond of delay or 15 cm of range. Vai-iations in 
range of the expected returns will produce signals occup 3 ung a band from appx’ox- 
imately 517 MHz to 516 MHz. Tim second IF amplifier provides approximately 
15 dB of gain to this signal prior to tlie band limit filtering wMch matches the 
expected limits of the sea return signals in all gate filter banlcs. 

Conversion to a 3rd IF of 27 MHz occui's in the 3rd mixer. The expected 
signal frequency range at the 3rd IF output is 21. 67 to 50 MHz, Manual setting 
of die IF chain gain is accomplished by a variable attenuator following the 3rd 
IF preamplifier. To insure tliat signals are maintained at tlie optimimi level in 
the video chain and die A/D converter, automatic gain control (AGC) is utilized, 
Tliis device consists of 6 gate selectable fixed attenuators mth an LSB of 0, 75 dB 
in a series configuration. Control of the AGC is by a T^L signal from the ADS 
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unit. An amplifier follows the AGC circuit with sufficient gain to overcome 
losses incurred in the filter bank input power splitter. The maximum linear 
signal corresponding to 0. 1 dB compression is +1. 0 dBm. 

After power splitting the signals are sent to the Ramp Filters, the Early 
Gate Filters, and the Late Gate-Plateau Filter banks as described in the 
next topic. 


RF TEST TARGET 



GATE 



3RD L.O. 
507 MHz 


BW; (21 -sqm::,) 


DERAMP 

MIXER 


(540 MHz) 




27 MHz 
IF SIGNAL TO 
FILTER BANK 
BUFFER AMPL 


AGC GATES 
L.S.B =0.75dB 


M.S.B. = 24dB 












lSTCO»iVERTER 


2ND CONVERTER 



. AMPU 

EARLY/ 

. AMPU 


. AMPL/ 


* FILTER 

CALra 

FILTER 


FILTER 


500 MHz DW 500 MHz DW f 47^MHzDW 


1ST LO 


2ND LO 
(CHIRP! 



RANGE REQ 
















Section D — Transceiver Design 


6. RECEIVER FILTER BANINS 


The third IF signals are filtered by 24 Rarrip filters and Early, Late and 
Plateau gate filters. Because of the stretch process the filtering is equivalent 
to range gating where 120 KHz corresponds to one nanosecond or 15 cm in range. 

The Receiver has a banlc of 24 Ramp filters which provide 8 MHz of fre- 
quency coverage or 10 m of range coverage in order to collect amplitude data 
from the leading edge of the sea return for 1-10 m significant wavs heights. The 
Ramp filters are a set of contiguous 333 kHz bandwidth Butterworth three section 
passive filters. The center frequency of each filter is offset from the adjacent 
filters by 333 kHz or 2. 777 nsec. The filters are designed to have matching -3 
dB crossover points and r:.djacent filter center frequency rejection of greater 
than -13 dB; test data indicates that the center frequency rejection is approxi- 
mately -19 dB. Filters 12 and 13 have the 3 dB crossover at the 27. 000 MHz 
center frequency. A typical filter channel block diagram is presented in bhe fac- 
ing figure. IF signals are supplied to each of the filters by a sequence of power 
splitters. After filtering, signals are detected in a linear detector. The output 
of each detector drives an operational amplifier that provides adjustable video 
gain and D. C. offset control. A current driver is used to buffer the video signals 
into the sample and hold circuits. 

Block diagrams of the Early Gate, Late Gate and Plateau filters are pre- 
sented in the next two figures. The filters are selected by T-'L signals which are 
dependent on Gate width and pulse width selected by the operator. The filter 
bandwidths of the Early Gate and Late Gate are multiples of the matched band- 
widtli of 333 kHz for 3 psec. pulse v/idth, 666 kHz for 1. 5 ^sec. , and 1. 33 MHz 
for 0,75 jisec. The design talces advantage of the bandwidth commonality of the 
Early gate selections; all 12 selections (4 gate widths x 3 pulse widths) are imple- 
mented by use of seven filters and output selection logic. Similarly, all required 
selections for the Late and Plateau gates are provided by seven filters; since the 
Plateau gate is always 16 cells the same filter is used and the output power split 
for generation of Late and Plateau gate signals when a 16 cell width is selected 
for the Late gate at the Radar control panel. The filter outputs for the tliree 
channels or gates are each switch selected into three identical square law detec- 
tors (one for each gate). 

The output of the square law detector is applied to a video gain adjustment 
nebiVork, and scaled in a video amplifier with a voltage gain of 1. 8. The output 
of the video amplifier is applied to a Prom containing the three video integrators. 
The Prom has a voltage gain of 49 and is gate selectable in accordance with the 
transmitter pulse v/idth. The integrator is a low pass filter with a bandwidth 
which is matched to the video bandwidtli or l/2r. This constitutes range cell-to- 
range cell integration. The output of the integrator is applied to the sample and 
hold circuit by a current driver. 

The last figure (p. D-28) illustrates the relationship between tlie Ramp 
filters and the Early, Late and Plateau gates. The frequency scale can be con- 
verted to relative range by the 120 kHz/l5 cm scale factor. 
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7. RECEIVED PACKAGING 


The Receiver equipments are contained in a single removable slide- 
mounted drawer as shown on p. D-31, 32. The Receiver unit consists of five 
circuit boards. RE and IE conversion circuits are mounted on a single board 
and the filters and video chains are located on the other four circuit boards. The 
filter circuits are packaged such as to provide easy access to the gain and bias 
adjustment controls. Packaging details of the Date/Plateau gate and the Ramp 
filters are presented in the figure on p. D-33. 

Exciter/Transmitter signal connectors are located on the front panel of 
the Receiver (see Transmitter Packaging topic). ADS and RE signal connections 
are made at the rear panel. A number of test points including Early and Late 
gate signals, 3rd IF signal and gain control are located on the front panel. 

Temperature controlled heaters have been provided in order to reduce 
the filter warm-up time. No air or liauid cooling is necessary for this unit. 
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8. TRANSCEIVER PERFORMANCE 


This topic presents Transceiver performance as a stretch processor and 
video waveforms. 

S tretch Processing 

The figure on p. D-36 presents RE and IF spectra for a 3 fxs pulse and de- 
scribes the stretch process. The transmitted and received signal from a single 
scatterer (or test target) has a bandwidth of 360 MHz and a center frequency of 
13. 9 GHz as deni ed in tiie upper photograph of the figure. Ideally this spectrum 
is flat; however, occause of frequency dependent losses and RAC line induced 
ampli^df^ variations, some deviations from the ideal spectrum exist. The signal 
is down-converted by 12. 82 GHz in the first mixer resulting in a 3 pulse with 
a bandwidth of 360 MHz at a center frequency of 1080 MHz as indicated in the next 
photograph. A reference signal with the same bandwddth and a center freauency 
of 1620 MHz is generated at the estimated time of arrival of the backscattered 
signal; this reference is the 2nd LO signal shown in the left photograph. The 
reference signal is mixed or correlated with the incoming signal at 1080 MHz in 
the second mi.xer. If the reference signal and the backscattered signal are exact- 
ly coincident in time, the codes will correlate and a 3 uncoded pulse \\ith a 
center frequency of 540 MHz will result at the output of the second mixer. Any 
time delay between the two signals will be translated to a frequency offset from 
540 MHz at a rate of 120 KHz per nanosecond of time delay or 15 cm of range. 

The second mixer output, denoted as deramped (frequency) output is illustrated 
in the ne,xt photograph in the figure. 

The third mixer is a down-conversion operation which mi.xes the inputs 
at the nominal center frequency of 540 MHz with a 567 MHz LO signal and trans- 
lates the signals to a nominal center frequency of 27 MHz. This operation does 
not affect the signal spectral characteristics; the outpu^ is illustrated in the last 
photograph of the figure using an e.xpanded 500 KHz/ division frequency scale. 

The test data indicates that the peak sidelobe is approximately -12 dB below the 
peak (-13. 2 theoretical). The data also indicates that the sidelobes fall-off to 
approximately -40 dB and the -4 dB width of the mainlobe is essentially equal to 
the theoretical value of 0. 333 MHz. These frequency characteristics demon- 
strate good control of phase and amplitude errors throughout the system. As in 
other systems, a narrow mainlobe and low energy content in the frequency side 
lobes is necessary in order to achieve fine range resolution. 


Video Waveforms 

After the third mixer whi"'’' down-converts the signals to the IF center 
frequency of 27 MHz, the signals are filtered, detected and sampled in order to 
determine signal amplitude as a function of range. Early, Late, Plateau and 
Ramp video channel outputs for a test target input are indicated in the next 
figure. In all cases a 3 ps test target centered in the respective filter w'as used. 

The Early, Late, and Plateau video chains consist of filtering, square 
law detection, and integration (low' pass filtering). This is then followed by sam- 
pling and A/D conversion. The Early and Late gate filter ^andwidths are selec- 
table in multiples of 0. 333 MHz; the Plateau gate filter bandwidth is 16 x 0. 333 
MHz or 5 333 MHz. The Video integrators are matched to the respective pulse 
widths (3 us in this case). The filter gains are set such that the average outputs 
of the video chains are equal when the input is system noise; this will result in 
equal levels when operating on constant amplitude sea returns since their ampli- 
tude fluctuation statistics are similar to noise. The Early and Late gate 
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amplitude responses shown in the figure appear to differ for the different gate 
(filter) widths as a result of the narrow band (0. 333 KHz) test target signal used 
in performing the test. Fine manual adjustment and signal amplitude correction 
by the software are employed on the basis of Receiver noise to insure signal gain 
alignment. All amplitude responses in the figure have a mdth of approximately 
3 ps as a result of the 3 ps pulse. The Ramp filter video chains consist of a 0.333 
Riirlz filter followed by a linear detection; i.e. , integrators are not utilized. 

Tlie trailing edge of the 3 ps test target pulse is also an indication of the 
sampling time. For the narrow Early and Late gate widths the sampling time is 
offset by nearly 2 ps from the peak of the signal. Normally this would result in 
a substantial loss in S/N ratio, however, since the second mixer utilizes a gated 
reference signal, noise signals have no advantage in the time domain and the 
early sampling manifests in lower signal and noise amplitudes; thus S/N ratio 
is preserved. The lower amplitudes are compensated by higher filter gain and 
software corrections. 
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1. OVERVIEW OF THE ANALOG/DIGITAL SUBSYSTEM 


Tlie Analog/Digxtal Subsystem (ADS) consists of the four "jciits indicated 
in the figure, the sample and hold and multiplexing circuits located in the Re- 
ceiver, and the accelerometer mounted on the antenna. The ADS interfaces and 
equipments are represented in the simplified block diagram below. ADS basic 
functions consist of control, timing, analog sampling, analog to digital (A/D) 
and digital to analog (D/A) conversion, computer interface control, and the dis- 
play function. A block diagram is presented on p. E-2. 

The Control panel provides for manual control of all radar modes and in- 
dicates the current operating mode. A 4-digit light emitting diode array (LEA) 
is also provided to display several radar parameters calculated by the computer. 
See Topic B-5 for a detailed control panel description. 

The timing function receives a 108 MHz reference clock from the Trans- 
ceiver subsystem and develops timing and control signals required to synchronize 
the various Radar Subsystem functions. A delay circuit in the Synchronizer pro- 
vides for 15:1 splitting of the clock signal; this, in effect, provides a 1. 62 GHz 
clock capability and a range LSB of 0. 62 ns (9.3 cm). 

The sampling and data conversion function receives timing control and 
performs simultaneous sampling of all of the analog filter output signals from 
the Receiver. These signals are held in sample and hold circuits until each is 
processed through the 12-bit A/D convex’ter at a 125 kHz (8 us/word) rate and 
sent to the computer interface unit for transfer to the computer; the 24 Ramp 
filter linearly detected outputs are squared by ADS and the 16 MSB’s transmitted 
to the Computer. 

The computer interface fimction controls tlie flow of data to and from the 
computer during each pulse period. Data transmitted to the computer is for- 
matted and multiplexed on to the computer input lines and transferred without 
buffering. Output data is taken in sequence from Ihe output data lines according 
to the output data word format, stored and distributed to the radar subsystem. 
Refer to the next topic for detailed interface timing and format descriptions. 
Digital data from the interface unit representing X and Y position is converted 
to analog in the D/A Converter and used to position the beam on the CRT display. 

The vertical accelerometer provides acceleration measurements over a 
range of zero to •i-2g; its nominal accuracy is on the order of 0. 05%. A 5Hz 
filter with 6dB/octave fall-off is implemented to exclude platform induced vibra- 
tion effects. 
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2. RADAR/COMPXJTER INTERFACE DESIGN 


The ADS unit provides the Radar/Coniputer subsystem interface. Tliis 
interface consists of a 16 bit data interface and control signals. The data for- 
mats are illustrated in the facing figure. The radar commands from the compu- 
ter include 6 16-bit words and the radar output data to the computer consists of 
36 words. The transfer of commands and radar data occurs each pulse. The 6 
word radar command includes mode parameters, AGC, range, switch selections, 
and LEA and oscilloscope data. The 36 data words supplied by the radar to the 
computer include Transmitter power sample. Early, Late, and Plateau signal 
amplitudes as well as the 24 Ramp filter amplitudes. The words also include 
the operator selected smtch settings, display selections and NASA time. 
Parameter selection and radar control are both determined at the Radar Control 
Panel. Switch selection codes are transferred to the computer which then stores 
them for internal use and re-transmits them as part of the 6 word radar command. 
Upon receipt of the 6 words, the ADS unit implements these commands and in 
addition lights the LED's corresponding to the selected smtch position. This 
provides a wrap around implementation. 

The next figure illustrates the timing for transferring of the radar com- 
mands and the radar data. The Transmitter power sample is the first radar data 
word to be transferred; its transfer occurs approximately 14 [xs after the begin- 
ning of the pulse interval. Succeeding filter amplitudes of the Early, Late, 

Plateau and Ramp filters are transferred at the 8 A/D rate. The last 7 words 
of the radar data which consist of switch settings and time are transferred at the 
maximum rate of approximately 2 ixs per word. Thus the total transfer time is 
approximately 240 ps. In order to be effective during the next pulse, the radar ^ 
commands must be transferred prior to the Early Trigger (TE) which is approxi- 
mately 25 /xs before the Transmitter power sample. This six word transfer 
occurs at a maximum rate of 2 pis per word, 

Tlie ADS contains a counter which counts the number of successive pulses 
when command or data collection transfer initiation by the computer was late, 

A transfer fault indicator, which is manually resettable, is lighted at the Radar 
Control Panel when the count reaches 16. In the event that the command trans- 
fer is late, no data (36 words) is output by the ADS on that pulse; this insures 
that the data transmitted to the computer always corresponds to the commands 
sent by the computer. The Computer /Panel switch at the Radar Control Panel 
provides the ability to operate the radar in manual mode, using parameters 
selected by the operator at the panel. In this mode of operation, the Radar/ 
Computer I/O can be inhibited by the Computer Transfer Inihibit switch which 
provides the capability to operate the Radar or Computer Subsystems on a stand- 
alone basis for trouble shooting purposes. 
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3. CLOCK SPLITTING 


The subnano second timing required by the Radar Altimeter is achieved 
by delaying the basic 108 MHz clock signal in multiple coax delay lines and selec- 
ting one of the incremental delay path outputs for use as the clocldng source. 

The 15:1 subdivision of the 108 MHz signal results in an effective 1. 6 GHz clock 
capability and a range command granularity of 0. 62 ns or 9. 3 cm. 

The clock delay circuit is shown in the facing figure. It is implemented 
on an etched circuit board and receives its input clock reference signal (108 
MHz) from the Transceiver. It also receives a four bit range word from the 
computer buffer, and a clock switching signal from the high speed timing logic 
located off the etched board. 

Two outputs are generated by the clock delay circuit, one delayed and 
one undelayed 108 MHz clock. The undelayed clock (ref. clock output) is the in- 
put clock regenerated and delayed to align with the "zero delay" output of the 
delayed clock. The delayed clock output is coincident with the reference clock 
at all times except during receive or correlation time, when one of the 15 delayed 
(or zero delay) clocks is selected for output. The delays are implemented using 
miniature coax lines connected in series. Tins provides coarse staggering or 
delay of the signals which are then buffered with high speed gates for isolation 
and trimmed with another delay line in each path. The ouiputs of the trimmer 
delays are then gated in the output gating structure according to the computer 
range word, and one of the 15 delayed clocks is gated thru to the output. When 
the receive or correlation timing signals have been generated the delayed clock 
is switched back to the zero delay or reference clock position. 

The adjacent figure illustrates the output signals from the delay circuit 
and verifies the 0.62 ns delay increments,. 

The circuit was initially designed for 16:1 splitting of the clock signals. 
Because of inaccuracies in test equipment at the high bandwidths the resulting 
delays yielded a ratio which was 15:1. Since this still resulted in an acceptable 
range LSB, the software logic was modified to utilize a 9. 3 cm fine range LSB 
and only 15 of the 16 fine range states in range commands. 
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4. ADS PACKAGING 


The ADS Subsystem implementation is of modular type with tlie equip- 
ments packaged in drawers. A power supply drawer contains the four power 
supplies and a circuit drawer contains four removable circuit panels. System 
controls and an oscilloscope display are mounted on separate panels. Sample/ 
Hold circuits are located in the Receiver and the accelerometer is mounted on 
the antenna. 

Packaging of the circuit drawer is shown in the next two figures where 
two of the four circuit panels are visible. Extensive use is made of dual in-line 
packaging (DIP). The four panels contained in the drawer are rotatable and re- 
movable for maintenance ease. The Synchronizer/Buffer drawer has two rear 
mounted fans for cooling and air exhaust perforations on the covers; tlie unit 
is designed to be operated with the covers attached (p, E-13). Seven externally 
mounted test points are provided and externally located control switches were 
added at a later date. 

Both the Synchronizer/Buffer and the Power Supply (E-14) drawers are 
mounted on slides and are removable. 
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1. COMPUTER SUBSYSTEM DESCRIPTION 


The AAFE Radar Altimeter Computer subsystem consists of four units 
as indicated in the facing figure. These units are: HP2108 Mini-computer, 
HP129T1A Magnetic Tape System, ASR 33 Telet}^, and the Power Distribution 
Unit. With the exception of the Power Distribution Unit which was developed 
specifically for the radar altimeter, all units of the Computer subsystem are 
commercial equipments. These units v/ere selected on the basis of cost, per- 
formance, and operation in an aircraft environment. Ease of software develop- 
ment was also a significant factor in selection. Use of the HP3000 computer 
center at Hughes resulted in a significant cost saving during the development 
of the radar altimeter software. 

Key computer characteristics are presented intheteble (p, F-2). The 
HP210S utilizes 16-bit words and has an integer add time of 1, 9 jis. The 
relatively high speed integer arithmetic and the hardware floating point arith- 
metic were important factors in selecting this system. The computer has 16K 
of core and a number of functional features . Eight of the nine available I/O 
channels are used by the system to interface with other equipments and to pro- 
vide special functions. The high speed interface with the radar subsystem is 
facilitated by use of direct memory access (DMA); the Microcircuit I/O card 
provides a 16-bit interface with the radar. By use of these devices a transfer 
rate of 616 kHz is achieved. The Breadboard card which consists of two signal 
lines is used for interface control. The power Fail Recovery unit consists of a 
battery which maintains the program in core during power failure or power off 
conditions; this feature has been valuable on a number of occasions. The Time 
Base Generator was purchased with the intent of using it in development of 
driver programs which were to be used in checking out the operational program. 
The Writable Control Store was procured to cover the possibility of processing 
time problems in the system; this card provides the ability to hard wire selected 
processing functions and thereby enables reduction of the processing time re- 
quired by the computer software. The Time Base Generator and the Writable 
Control Store card are available but not used in the system. 

Magnetic Tape System consists of a 7 track recording unit which operates 
at 800 bpi and 45 ips with a resultant capability of 12, 000 16-bit words per 
second; it can also be operated at lower densities. The magnetic tape system is 
utilized for data recording as well as storage of operational and data reduction 
programs. Primary use of the teletype is in data reduction and program loading; 
the unit has also been useful in developing programs, paper tape patches and 
debugging. It contains a paper tape punch and reader in addition to the keyboard. 
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1. OVERVIEW OF SYSTEM SOFTWARE 


The AAFE Radar Altimeter software consists of the Operational program, 
the Data Reduction programs, the diagnostics and utility software. The Opera- 
tional program and the Data Reduction programs have been developed specifically 
for the radar altimeter system. The diagnostics and utility software are pri- 
marily standard Hewlett-Packard software. With the exception of the diagnostics, 
all software is stored on tlie Magnetic Tape System for convenience; original 
papertapes are also available. The Operational program or Data Reduction pro- 
grams are accessed and loaded into core by means of master programs input 
from the teletype or a papertape photoreader. The Operational program contains 
all the software necessary to operate the altimeter, and the Data Reduction pro- 
grams provide a basic but comprehensive stand alone data reduction capability. 

The radar altimeter software development consisted of 14 Operational 
program modules which are coded in assembly language and eight Fortran pro- 
grams as well as supporting programs. Most of this software has been developed 
by using the HP3000 computer center at the Hughes Aircraft Facility in Fullerton, 
California. However, program development is also possible with the radar al- 
timeter computer subsystem. A.ssembly language and Fortran programs can be 
developed or updated using the assembler and Fortran compiler on the magnetic 
tape system. In most instances the development of the software can be accom- 
plished by use of the teletype as input device; however, a photoreader was exten- 
sively utilized for program development, checkout and loading. Teletype and 
photoreader loaders are included in the Magnetic Tape Itystem software. 

Patches can be developed directly by use of the teletype punch unit and 
input to the computer by means of the HP Debug program. Also, patches can be 
entered directly via the computer control panel. 
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Section G - Software Design 

2. OPERATIONAL PROGRAM ARCHITECTURE 


The Operational Program architecture is indicated in the facing figure. 

The Operational program processing consists of four sequences: Start, Acquisi- 
tion, Track and Termination. During the Start sequence the computer obtains 
the first set of valid radar data -which contains the switch setting information. 

The Imtialization module of the Operational Program decodes these switch set- 
ting parameters and initializes other constants and values required by the pro- 
gram. It also pi'epares a 100 computer word subrecord for outputting to mag- 
netic tape. The Acquisition sequence consists of executing Noise, Bias, and 
Calibration submodes and then the search for the sea surface. Processed data 

of these submodes provides average noise levels for extraction during tracldlng 

and waveheight estimation, filter bias levels, filter gain alignment factors and 

system delay data. The software is designed to initiate the search for the sea 

stirface at 8,000 ft. or approximately 2400 meters. The Acquisition module logic 

steps the range starting at 2400 meters in approximately five meter steps until 

a Late gate threshold crossing is obtained, then the step size is reduced to one 

range LSB or approximately 9. 3 cm and continues until a required number of 

Early gate threshold crossings is obtained. Wlienboth Late and Early gate 

threshold crossings have been obtained, the search process has been completed 

and lock-on and normal tracldng commences. 

In order to accelerate the acquisition process and provide qualiiy data in 
minimum time, the Tracldng sequence has been designed to include a high band- 
•width lock-on mode. During the first two seconds, after completion of search, 
the tracking operation is performed -with a band-width of 10 hertz; that is, smoo-th- 
ing is done every 1/10 of a second by the tracker. After 20 such intervals or 2 
seconds the tracker logic continues tracldng at the tracker band-width selected by 
the operator. The AGO bandwidth during search and during the high bandwidth 
tracker operation is also 10 hertz; afterwards the AGC bandwidth is 1/4 hertz. 

Noise, Bias and Calibration submodes are executed sequentially in the Track 
sequence by dedicating one pulse every 0. 1 sec for these modes. Since these 
modes require 4096, 128, and 128 pulses respectively, the complete execution 
of these modes i-equires 435 seconds, hi the track sequence. Ramp filter data 
is averaged and output for recording every 0.1 sec regardless of PRE. Thirty 
second averaged data are used by the Wave Height Estimation module to pre- 
dict the sea v/ave height. Data recording, radar I/O, and data display process- 
ing are also performed concurrently with the above functions. The relative 
processing times of the operations are illustrated in the diagram on p. G-5. 

Tlie figure illustrates the approximate timing in the track sequence dur- 
ing a typical pulse. Position and velocity smoothing, change in AGG command, 
and ramp data averaging are not performed on the typical pulse. The software 
is designed such that these functions are performed at multiples of 0. 1 sec 
intervals. Wlien operating at a PRF of 850 pulses per second, the 0, 1 sec inter- 
vals bccur every 85 pulses; consequently, 84 typical pulses will occur before 
any extensive processing is performed. Dui'ing extensive processing pulses 
may be skipped until the processing is completed. As indicated in the timing 
diagram, the initial computer processing and operation during the pulse period 

consists of inputting 36 new data words into the computer. Since these words 

are input at a rate of approximately 8 (J-s per word, the time betw'een words Is 
used to execute the Data Display program. Complete execution of that program 
may talce several pulses. At the end of the 36 word ti’ansfer an interrupt occurs 
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and causes processing to continue in the Track program. The interrupt proces- 
sing after input of the 36 words consists primarily of checking the words contain- 
ing switch setting data for changes. If a change has been made by the operator, 
the software terminates operation and restart is required. In the event that no 
changes were made, the Track program is executed, then the AGC module and 
afterwards the Executive issues new radar commands which consist of six com- 
puter words. These six words include the range, the switch settings, and the 
data display information. Afterwards the Ramp Pre-processing is executed 
where all filter outputs are accummulated. Although the data recording CPU 
time is shown as a single block, the computer magnetic tape I/O takes place in 
a dispersed manner during the pulse interval. After the Ramp Pre-processing 
program, execution, the Executive prepares the interface for accepting 36 new 
radar words and then proceeds to execute the Data Display program. The Data 
Display program will be resumed I’t the last location where it was interrupted. 
Processing of the succeeding pulse periods is similar. Eveiy 0. 1 sec or 85 
pulses when operating at PRF of 850 PPS, extended processing takes place and 
pulse skipping results; that is, the software programs are processed until com- 
pletion. This usually requires one or more pulse intervals during which no data 
is collected from the radar and no radar commands issued. Testing has veri- 
fied that the number of pulses skipped is less than 16; a transfer fault light indi- 
cator on the radar control panel is designed to go on in the event that 16 pulses 
are skipped. 
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Section G — Software Design 


3. DESCRIPTION OF OPERATIONAL PROGRAM MODULES 


The radar altimeter Operational Program consists of fourteen functional 
modules. In addition^ three off-line programs are stored in computer memory 
concurrently with the Operational Program for convenience. These programs and 
their brief functional descriptions are presented in the facing figure. The four- 
teen modules of the operational program occupy approximately 8,000 addresses 
in core. The additional off-line programs and HP supporting software occupy 
most of the remaining 8K of the 16K computer memory. 

Executive 

The Executive provides control of system operation and Operational Pro- 
gram module execution. It sequences system operation in Start or Initialization 
sequence, Acquisition sequence, Track sequence and Termination. It also in- 
cludes logic for processing Radar l/O interrupts and properly terminating soft- 
ware and system operation in tlie event of faults or operator action. 

Initialization Module 

This module is executed only at the start of operation and processes the 
Radar Control Panel switch setting data contained in words #30 and #31 of tlie 36 
word input. It decodes these words and determines the number of pulses in^ach 
0. 1 sec set (ISET) and tlie number of pulses to be used in AGC updates (JSET) 
and track smoothing (IBLK). It also derives and provides a number of other con- 
stants for various modules of the Operational Program and outputs a 100 word 
subrecord containing the switch setting codes and the constants for recording. 

Noise Estimation Module 

This module uses double precision integer arithmetic to provide average 
values of 4096 samples of the Transmitter power level and the noise levels of 
the Early, Late and Plateau gates and the 24 Ramp filters. It accumulates the 
signals during the execution of the Noise submode. 


Bias and Filter Scaling Module 

This modu] e computes the average Transmitter power and average bias 
values of the Early, Late and Plateau gates and the 24 Ramp filters on the basis 
of the 128 pulses of the Bias submode. The Bias submode is essentially the 
same as the Noise submode except that maximum AGC is set. The module then 
accesses the average noise estimates provided by the Noise Estimation module 
and subtracts the biases from these values thereby deriving unbiased avex-age 
noise levels. (It has been established by test that the bias removal is not effec 
tive for the 24 Ramp filters because of the use of linear detectors and squaring 
in ADS; biases of these filters should be set to less than 50mv prior to system 
operation. ) The unbiased noise averages are then used to derive filter align- 
ment scale factors; all Ramp filter noise levels are referenced to filter #12 and 
Early, Late and Plateau gate levels are referenced to the Plateau gate. In order 
to provide the necessary precision using integer arithmetic, the scale factors 
are expi’essed in units of 1/1024. This module outputs a 90 word subrecoid 
which includes the bias levels, the unbiased noise levels and the filter scale 
factors. 
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DESCRIPTION 
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3. DESCRIPTION OF OPERATIONAL PROGRAM MODULES (Continued) 


Calibration Module 

This module is executed during tlie 128 pulses of tlie Calibration submode. 
It utilizes double precision integer arithmetic to provide avei-ages of the Trans- 
mitter power and the Early, Late and Plateau gates and the 24 Ramp fillers. In 
addition it determines the precise location of the test target with respect to the 
crossover of filters #12 and #13 and expresses this offset in centimeters. This 
function is performed by filter splitting. The module finds the two filters which 
contain the highest amplitudes, takes the ratio of the smaller with respect to the 
larger and enters this ratio as the independent variable in a quadratic equation 
which determines the offset of the test target within the filter containing tlie 
largest signal; this is then related to the crossover of filters #12 and #13 and 
converted to centimeters. The quadratic function is based on test data of filter 
response functions. The Calibration module outputs a subrecord of 42 computer 
words containing the filter average values and the range bias of the test target. 

Acquisition Module 

The Acquisition module processes tlie Early and Late gate signals and 
generates range commands during the search or acquisition submode and de- 
termines when acquisition has been completed. Initially the module determines 
the Early and Late gate thresholds by multiplying the noise levels of these two 
gates (provided by the Noise Estimation module) by constants (E = 3. 5, L = 4. 0) 
and the AGC value; these thresholds are recomputed at the AGC update rate. The 
Early and Late gate signals are thresholded each pulse period and the respective 
up/down counters are incre.nented or decremented accordingly. Initial step 
size in range is one coarse range LSB or approximately 5 meters; after a Late 
gate threshold crossing is obtained the step size is reduced to a fine range LSB 
or 9. 3 cm. When the Early gate up/down eoiuiter value is 4, acquisition has 
been completed. The logic has provision for hard limiting the up/down coun^'ers 
and also range decrementing in the event of overshoot. This module outputs a 
7 word subrecord each pulse. 

AGC Modules 

The Acquisition and Track AGC modules provide automatic gain control 
on the basis of the Plateau gate signal; the modules are separate but essentially 
identical. The modules compare the Plateau gate signal level with 128 A/D 
levels and increment or decrement the AGC command accordingly. In addition 
the modules compute a floating point numerical value of the attenuation corre- 
sponding to the AGC command code. The AGC is updated every 0. 1 sec during 
Acquisition and high bandwidth Track and every 4 sec during normal tracking. 

Track Module 

This module performs the sea surface L ucking using the Early and Late 
gate signals. The tracker logic is described in topic B-7; it utilizes an alpha- 
beta design and vertical accelerometer data. A 10 Hz high bandwidth mode is 
employed during tlie first two seconds and the normal selected bandwidth of 0. 25 
to 5 Hz is utilized subsequently. Altitude prediction utilizing velocity and ac- 
celerometer data is performed each pulse; estimation or smoothing is performed 
at the rate equal to the reciprocal of the bandwidth. Track quality is monitored 
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automatically by checks of the late gate S/N ratio and the altitude error. Auto- 
matic termination may result also if the altitude limits or excessive vertical 
velocity are encountered. The Track moaule incorporates logic for accommo- 
dating the 15:1 clock splitting of the ADS. It outputs a 21 word subrecord after 
each estimation or smoothing operatic n. 

Ramp Pre-Processing Module 

This module provides 0. 1 sec averages at any PRF of the accelerometer 
inputs, the Plateau gate amplitude and the 24 Ramp filters. In addition it pro- 
vides an approximate count of the number of skipped pulses during the 0. 1 sec 
period and provides individual 30 sec averages of Ramp filters #12 through #14 
and the average of all the Ramp filters. This module is executed only during the 
Track submode. It outputs a subrecord of 33 computer words every 0. 1 sec. 

The filter outputs are corrected for biases and re-scaled using the data pro- 
vided by the Noise Estimation and Bias modules. 

Wave Height Estimation 

This module utilizes the Ramp Pre-Processing module outputs to compute 
the sea wave height, Plateau gate droop, and the sea reflectivity (ctq). Wave 
height and droop estimation is based on computing a signal slope using Ramp 
filters #12 and #13 or #11 - #14 for higher sea states. This slope is then used 
in polynomials which predict the wave height and droop as described in the Wave 
Height Test topic in Appendix A. Sea reflectivity is computed by comparing the 
Plateau signal with the Plateau gate test target signal (Calibration module) and 
scaling the result by a constant; this approach is based on the range equation and 
system test data. The module outputs a 15 word subrecord every 30 seconds. 

Radar Commands and Data Collection Modules 

These modules control the computer I/O v/ith the radar. The Radar Com- 
mands module transfers the 6 command words to the radar and the Data Collec- 
tion modules collect the 36 data words from the radar. Module DCOL2 which is 
utilized after the initial excliange does not have a wait state for the interrupt and 
concurrent processing of other modules can be performed while the 36 words are 
input; the interrupt processing is contained in the Executive. All transfers are 
made on DMA channel #6. 

Recording Module 

The Data Recording Subroutine is designed to output data supplied by indi- 
vidual operational program modules on magnetic tape. This subroutine is called 
by other subroutines and modules which provide data for recording and it returns 
to these modules after transfer of the subrecora data into one of the two 1000 
word buffers. The Data Recording subroutine uses a double buffer design which 
allows for concurrent data gatliering and output without loss of data. Data to be 
recorded on magnetic tape is output on DMA Channel 7. This channel is dedicated 
for magnetic tape recor^ng by virtue of a modification of the original magnetic 
tape driver software module D. 25. In addition to output of radar data on magnetic 
tape, tins subroutine writes single or double End of Files (EOF's) under operator 
control by means of the S-register. 
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Section G~ Software Design 


3. DESCRIPTION OF OPERATIONAL PROGRAM MODULES (Continued) 


Data Display Module 

This module provides the oscilloscope display and LEA data. The logic 
checks the operator selections and provides noise or sea return amplitudes for 
the Early, Late and Plateau and the 24 Ramp filters for display on the oscillo- 
scope. The module supplies one amplitude each pulse (or several pulses) and 
cycles through all 27 signals. The averaged amplitudes are obtained from the 
Noise Estimation, Track and Ramp Pre-Processing modules. For the LEA dis- 
play it outputs a 4 digit BCD value of: wave height, reQectixdty, altitude meters 
or cm, AGC, or tracker error. The module outputs the data in Radar Command 
words #5 and #6. 

Off-Line Programs 

The HP Debug program and Eoating point octal/decimal conversion pro- 
grams are located in core concurrently with the Operational Program for con- 
venience. This facilitates dumping core, entering patches, and performing 
octal/decimal conversions witliout the need to re-load programs. 
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Section G- Software Design 


4. DESCRIPTION OF THE DATA REDUCTION PROGRAJMS 


Tlie radar altimeter data reduction software consists of seven programs 
as indicated on p. G-10. With these programs the Radar Altimeter Computer 
Subsystem provides a simple but comprehensive stand-alone data reduction 
capability. With the exception of Debug, all programs were specifically devel- 
oped for the radar altimeter system by Hughes. Tlie Debug program is a stan- 
dard HP program for dumping or changing computer core. Sample outyuts of 
some of the programs can be found in succeeding figures. 

Tlie Selective Access program was designed to provide the capability to 
extract any pai'ameter of the nearly 300 parameters recorded on tape. This ex- 
traction is done in a chronological order. The program can extract five to ten 
different parameters simultaneously, depending on the format selected. It pi'o- 
vides for octal, integer, floating point or exponential format outputs. A sample 
program output is given on p. G-11. As indicated in this sample, the user 
specifies a file number, the start and end record numbers and the start and 
end words within the record to define the extent of the search and the number of 
parameters and format of these parameters to be output. Having defined the 
number of parameters, he must then specify the subrecord type and the word 
nmnber witMn the subrecord and a scale factor for each parameter. In tlie ex- 
ample, five parameters were selected from subrecord 21, which is the Tx'ack 
subrecord. 

By use of subrecord format tables, one can select tlie proper words to be 
extracted. The words extracted in this sample (9, 11, 13, 15, 17) correspond 
Late gate amplitude, acceleration, altitude, tracker error, and tracker velocity. 
Because of the output format the range LSB for conversion to engineering units 
is 8.674550237 cm (not 9.3 cm). Generally, the program also outputs time from 
tlie beginning of the record; in this examole Acquisition subrecords were located 
at tlie beginning of the record and no time data is available from these subrec- 
ords. Because of its flexibility, tliis program was extensively used during testing 

of the system. o , 

The Altitude Resolution program was designed specifically for evaluating 
the altitude resolution capability of the system. A sample output of tliis program 
is provided in the next figure. The program is designed to operate on the altitude 
data output in die Track sulorecords. The operator specifies the first point, num- 
ber of points, and the start and end records vvdthin the file. Tlie program 
searches the tape and extracts the specified number of altitude data points. The 
operator then can enter a scale factor wlilch will scale the altitude data to en- 
gineering units or retain it in range LSBs. Next the operator specifies the type 
of processing to be performed by the program. The basic approach of evaluating 
the altitude resolution of the system consists of fitting a quadratic function to the 
tracker estimated altitude points. The differential between the quadratic and a 
selected data point is considered to be an error. A sliding fit is performed by 
the program and the errors are accumulated in an RMS manner. The end value 
of the accumulated RMS values is the altitude resolution over that data set. In 
the sample a 7 point quadratic was selected with fitting or error determination 
at the fourth or center point. Thus a quadratic was based on 7 raw' data points 
and the error of the fourth point of the seven was computed. The next error, 
that of the fifth raw data point, was based on a quadratic fit over points 2 thru S. 
The error of the sixth point was determined by a quadratic fit over points 3 
thru 9, etc. Tlie program has the capability of averaging successive errors 
before computing an RMS. Tliis capability was introduced in order to provide 
the ability of generating or estimating the altitude resolution at lower data rates 
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or bandwidths than selected by the operator during the system test. In the 
sample, averaging of two adjacent errors was specified. The program also 
provides the ability to select summ.ary printouts as well as detailed point by 
point printouts. In the sample, a printout of results every 10 points was selected 
in order to reduce the time required in generating the oulput. The five columns 
in the sample output give tlie following data; number of last point, the average 
altitude from the track subrecord over the 10 processed (20 raw) points, the 
average smooth altitude over 10 processed points, rms over the 10 points and 
the cumulative rms. This sample output indicates that the altitude resolution 
(CUM RMS) is 6.613 cm. 

The Utility program is basically a dump progr-am wliich can extract data 
from tape by file, record, or subrecord. Due to the limited octal format capa- 
bility, its use was not extensive. 

The Ramp program was designed to provide long term averages of a few 
selected parameters and the 24 Ramp filters. In addition, the program generates 
a print plot as shown on p. G-13. This program is useful m regenerating the 
type of data used in estimating the wave height during system testing. The 
Wave Height subroutine utilizes 30 second averages of the Ramp filter amplitudes. 
The basic Ramp data on magnetic tape consists of 0. 1 second averages; the Ramp 
program can be used to average the Ramp data on tape over extended time 
intervals. 

The Debug program is a standard HP program wliich was use&l in entering 
patches as well as dumping core. Accessing computer core locations of the sub- 
records of the Operational program modules provided a convenient means of ex- 
tracting average data without resorting to magnetic tape processing or manual 
extraction. The decimal floating point to octal conversion routine and its counter- 
part were developed for convenient conversion of floating point values. 
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NAME 


DESCRIPTION 


1} SELECTIVE ACCESS EXTRACTS ANY SELECTED PARAMETER(S) FROM MAGNETIC TAPE 

(SELAC) IN OCTAL, INTEGER OR FLOATING POINT 

2) ALTITUDE RESOLUTION ESTIMATES ALTIMETER ERROR BY SMOOTHING MEASURED RANGE 

(ALTR) DATA 

3) UTILITY DUMPS DATA FROM TAPE BY FILE, RECORD, OR SUBRECORD IN 

(UTIL) OCTAL 

A) RAMP AVERAGES AND PRINT-PLOTS RAMP FILTER DATA 

(RAMP) 

5) DEBUG SELECTIVE DUMP OF CORE IN OCTAL 

(DEBUG) 

6) FLOAT-OCTAL FLOATING POINT TO OCTAL CONVERSION 

(FLTOC) 

7) OCTAL-FLOAT OCTAL TO FLOATING POINT CONVERSION 

(OCTFT) 
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Appendix A ~ Acceptance Flight Test Results 


1. Altitude Resolution Test 


Acceptance flight tests were conducted on November 19, 1975. The C-54 
aircraft platform was flown at 10 thousand feet due east 85 to 165 nautical miles 
from the NASA Flight Center at Wallops Island, Va. The aircraft ground speed 
was approximately 180 knots. The forecast significant wave height was one to 
two feet; actual wave height was on the order of 1 meter (3 feet). Smooth flight 
conditions prevailed throughout the flight test. The fli^t test consisted of two 
segments. The first segment involved the acquisition test and tlie second seg- 
ment was dedicated to the altitude resolution and wave height estimation test. 

The altitude resolution test consisted of a ten minute data run. The 
results of the test are summarized in the facing figure. The upper diagram 
illustrates the average altitude estimated by the tracker as a function of time. 
This figure presents intermediate outputs of the Altitude Resolution data reduction 
program where tlie altitude data was averaged over ten second inten^als. Since 
the selected tracker bandwidth was 2 hertz or response time of half a second, 20 
such points were averaged and plotted in the above figure. The lower figure 
indicates the rms error of the tracker estimated altitude witli respect to the 
smoothed altitude determined by the Altitude Resolution program. This plot also 
presents intermediate outputs over ten second intervals. It indicates that the 
rms error for any ten second interval is less than approximately 4 centimeters. 

The rms altitude error for tlie complete 10 minute data run was computed to be 
2.12 centimeters. The data reduction was performed entirely by the use of the 
Altitude Resolution program. A 7 point center fit quadratic was used in smooth- 
ing of the tracker altitude data. Since the selected tracker bandwidth was 2 Hz, 
adjacent pairs of errors with respect to the smoothing quadratic were averaged 
to obtain errors for one second intervals. The 7 point (3.5 sec) smoothing was 
used on the basis of past NASA experience with the C-54 platform; longer windows 
tend to smooth out the platform motion whereas very short windows tend to follow 
the errors and yield optimistic results. 

The 2. 12 centimeter altitude resolution obtained during this test is con- 
sidered to be an excellent result and is due to the low wave height conditions. 

This result may be near the ultimate capability of the system. 
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Appendix A — Acceptance Flight Test Results 


2. ACQUISITION TEST 


The acquisition test consisted of 20 acquisition attempts. After each 
initiation of the acquisition pi’ocess, the track was held for approximately 1 
minute. In the 20 attempts, no failures or late acquisitions were encountered. 

All data was considered to be of good quality. 

The acquisition process consists of searcMng in range from 8000 ft 
imtil the system locates signals from tlie sea surface. Tlie initial search is 
conducted using coarse steps of approximately 5 meters. 

After Late gate threshold crossings are obtained, the search step size 
is reduced to 1 fine range LSB or approximately 9.3 centimeters. The search 
continues witli this step size imtil Early gate threshold cx-ossings are obtained 
and die Early gate up/down counter registers a value of 4. At this time, the 
seai'ch has been completed and track lock-on is initiated. The track lock-on 
phase continues for 20 lOHz bandwidtlx intervals or 2 seconds. After that, 
tracking at the selected 0. 5 sec or 2 hertz bandwidtli is initiated. The basic 
acquisition requirement is that quality altitude resolution data be provided witMn 
5 seconds after initiation of acquisition. Flight test results indicated tlxat the 
system provides quality data ivitlxin 4. 5 seconds oi' less after the start of 
acquisition. 

Data reduction consisted primai’ily of the use of the altitude resolution 
program and some .manual calculations. Search time was determined to be 
approximately 0. 5 second on fixe basis of the number of acquisition subrecords 
generated on tape before track. The next 20 track points were generated during 
the high bandwidth lock-on period and cori'espond to 2 seconds. Altitude resolu- 
tion performance evaluation consisted of using points 20 tlii’ough 26 and 21 through 
27 which are spaced at l/2 second intervals. A quadratic fit was generated for 
the 7 points and an error computed at the center points (i. e. , the 23rd and 24th 
point); the two points correspond to 3. 5 and 4. 0 sec after ti-ack initiation or 4. 0 
and 4. 5 sec after acquisition initiation. Tliese errors were then averaged in 
order to obtain an equivalent ouiput for 1 second oi’ 1 Hz tracker bandwidth. 

The results of this processing for tlie 20 cases are indicated in the facing table. 
The maximum error is less tlian 5 centimeters. Tliese values were rms'ed 
resulting in tlie 1.99 centimeter value at 4.5 seconds wliich exceeds tlie 
requirement. 

In addition, tlie first 10 cases were individually plotted as shown in tlie 
next figure to verily that no residual oscillations existed beyond the 4. 5 second 
point. Oscillations do frequently occur dui'ing Uie lock-on phase as illustrated 
in tlie figui'e, however, tliey have subsided at the point in question. 
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9 ERRORS COMPUTED USING 7 POINT (3,5 SEC) QUADRATIC, CENTER FIT AND WITH ERROR AVERAGING 
OVER 1 SEC INTERVAL 


e ERRORS FROM 20 ACQUISITION CASES AT 4.5 SEC AFTER START 


CASE 

NO. 

ERROR 

(CM) 

CASE 

NO. 

ERROR 

(CM) 

1 

3.56 

11 

2.76 

2 

1.34 

12 

0.93 

3 

0.49 

13 

4.86 

4 

3.52 

14 

1.00 

5 

1.73 

15 

0.61 

6 

1.49 

16 

0.66 

7 

1.02 

17 

0.81 

8 

0.10 

18 

0.68 

9 

1,69 

19 

2.59 

10 

0.93 

20 

0.39 


» RMS ERROR = 1.99 CM AT 4.5 SEC 
c REQUIREMENT = 10 CM AT< 5 SEC 




Appendix A — Acceptance Flight Test Results 


3. WAVE HEIGHT TEST 


The wave height estimation test used data obtained during the altitude 
resolution test. The Wave Height Estimation program of the Operational pro- 
gram computes wave heights every 30 seconds on the basis of averaged Ramp 
filter amplitudes. 

Although all 24 Ramp filters provide useful data for determination of 
wave height, the implemented logic utilizes only up to 4 of these filters to derive 
the wave height. For low wave height conditions, filters #12 and #13, which 
measure the amplitudes on the slope of the signal, are used. Using filter #12 
and #13 average amplitudes, the Wave Height Estimation program computes a 
slope which it then normalizes by the average value of all the Ramp filters. The 
wave height is then computed using a quadradic function where the normalized 
slope is the independent variable. The quadradic function has been determined 
by use of theoretical and test data in-plant. A sample Ramp filter average such 
as used in the wave height calculation (in real time) but obtained after flight is 
indicated on p. G-13. The Ramp filter #12 and #13 amplitudes straddle the h^f- 
power point and provide the most sensitive estimation of the slope of the leading 
edge of the ramp. 

Data reduction for this test consisted of extracting the wave height data 
computed by the Wave Height Estimation program and computing an avers^e wave 
height and a standard deviation. Tlien the average value was compared with fore- 
cast and estimated observer data. The data is plotted in the facing figure. The 
mean value of the RMS wave height is 25. 33 centimeters, and the fluctuation is 
10. 8 percent; the equivalent significant wave height is 101. 3 centimeters. The 
forecast wave height before the flight was 1 to 2 feet which is approximately 0. 5 
meters; however post flight reports from observers indicated that swells of 1 
meter did exist. Consequently, the estimated wave height was deemed to be 
within the required ±25% accuracy. 

Furthermore, Fli^t #3 laser profilometer data which was reduced sub- 
sequently indicates that the system wave height measurement accuracy is approx- 
imately ±10%. On that flight, wave hei^t measurements were made with the 
laser profilometer and the radar altimeter. 


PRECEDING PAGE BLANK NOT FILMED} 


AP.-6 





